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Abstract: A pairwise comparison of the free-energy of the two-state N (North, C2"-exo-C3"-endo, 0° <P <36") 2 S
(South, C2"-endo-C3"-exo, 144° < P < 190°) pseudorotational equilibrium of adenine, guanine, cytosine or thymine B-
D-2',3"-dideoxynucleosides (ddNs) 2, 4, 5, 7 and 9 with their o-D-counterparts 1, 3, 6 and 8 shows that the conformation

of the pentofuranose moiety is efficiently driven towards the N-type sugars in the B-D- series and to the S-type
conformation in the o-D- anomers. The extent of the free-energy of stabilization of the b:type sugars in B-D-ddNs is
however 2-3 times gn;ter than the corresponding S-type sugar stabilization in &-D-ddNs. The estimation of AH®
contribution to the free-energy shows that the intrinsic flexibility of the sugar moiety_in B-D-ddNs is 2-4 times larger
than in «-D-ddNs as a result of change of either temperature or pD of the medium. This enhanced modulation of
conformation by the change of temperature or pD of the solution in B-D-ddNs compared to o-D-ddNs is the result of the

more efficient transmission of the anomeric effect [n(O4')—c*C'-N orbital interactions between O4' lonepair of the
sugar with the 6* of C1'-N bond] to drive the sugar conformation in the former compared to the latter. An important
implication of this finding is that the evolutionary forces of Nature have opted for molecules that can adopt multiple
conformations owing to the unique internal flexibility as a result of interaction with various ligands.

© 1997 Elsevier Science Ltd.

Since B-D-nucleosides are solely chosen by Nature as the ubiquitous building blocks for the storage of

information in DNA and RNA, we considered it quite important to understand whether this preference is the
result of any differential modulation of internal degree of freedom of conformation of the sugar-phosphate
backbone in c.-D- versus B-D-nucleosides. In this work, we have chosen pairs of simple ¢-D- and B-D-ddNs,
as models to investigate whether there is an energetic bias for the B-Q- configured nucleosides over their o-D-
counterparts. The reason for the choice of ddNs as models is that it is only the N-aglycone effect, consisting of
the counteracting (i) anomeric effect (O4'-C1'-N interactions: n(O4")—*c*¢;'.N orbital overlap) and (ii) steric
effect of the nucleobase that is responsible for the drive of the sugar conformation, unlike in B-=D-2'-deoxy or
ribonucleosides where the preferred conformation of the sugar moiety can be explained by the complex
interplay of both gauche and anomeric effects!. Another important reason for the choice of ddNs is that it
allows us to define the conformation (8 vicinal 3Jgg) of the constituent sugar moiety more accurately than in
2'-deoxy (5 vicinal 3Jyy) or in the ribo (3 vicinal 3Jyy) series.

The following conclusions can be drawn through the pairwise comparative study of the thermodynamics of
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the pD-dependent two-state N 2 S pseudorotational equilibrium of the pentofuranose moiety in o-D-ddNs 1,
3, 6 and 8 versus B—Q—dst 2,4,7 and 9 in D,0 solution (Scheme 1): (i) The evaluation of the fre_e-energies
(AG®) of N2 S equilibrium of the pentofuranose moiety shows that the preference for S-type sugar in o-D-
ddNs 1, 3, 6 and 8 at room temperature at any pD is much reduced compared to the preference for the N-type
sugars in 3-D-ddNs 2, 4, 7 and 9. (ii) The conformation of the sugar moiety (AG®) in o-D-ddN is less readily
modulated than in B-D-ddN counterpart by protonation or deprotonation of constituent nucleobase as a result of

o-D-series B-D-series

OH OH OR OR

%B:%A %B — (s

North (N) a-D-sugar ~ South (S) a-D-sugar | North (N) B-D-sugar  South (S) B-D-sugar
(C3-endo-Cy-exo) (Cy-endo-Cy-exo) (C3-endo-Cy-exo) (Cy-endo-Cy-exo)

1: o-D-ddA (B = A) 2: B-D-ddA (B=A,R=H)
3: a-D-ddG (B =G) 4: B-D-ddG (B=G,R=H)
6: a-D-ddC (B=C) 5: 5'OMe-B-D-ddG (B = G, R = OMe)
8: a-D-ddT (B=T) 7: B-D-ddC (B=C,R=H)
9: B-D-ddT (B=T,R =H)
OR 10: R=R"=H;R'=0Me

1o) H{" 11:R=Me;R'=0OMe;R"=H
122R=R'=R"=H
Hi' 13:R=R"=H;R'=0H
R' R" 14:R=H;R'=R"=0H OH OH

15

A = adenin-9-yl G = guanin-9-yl C =cytosin-1-yl T = thymin-1-yl

Scheme 1 : The dynamic two-state N == S sugar equilibrium in a-D-ddNs 1, 3, 6 and 8
versus B-D-ddNs 2, 4, 5,7 and 9 and in abasic sugars 10 and 11. In ©-D-ddNs, the aglycone
B becomes more pseudoaxial as the anomeric effect becomes stronger in the S-type conformation,

whereas in B-D-ddNs, this is achieved in the N-type conformation.

the change of the pD of the medium. (iii) The strength of the N-aglycone effect (AH®) of the constituent
nucleobase is considerably weaker in a-D-ddNs than in B-D-ddNs. (iv) In the case of purine ddNs, it has been
possible for the first time to show quantitatively that the strength of anomeric effect in the protonated adenin-9-
yl in ddA or guanin-9-yl in ddG depends upon the configuration at C1', whereas they are comparable in the
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neutral and the deprotonated states. (v) This means that the poorer flexibility (AG°®) of the sugar conformation
in a-D-ddNs makes it less prone to respond to any change of the medium such as pH, temperature or to any
ligand complexation to its own nucleobase compared to 3-D-ddNs.

(A) The quantitation of the competing anomeric and gauche effects through the analysis of the
thermodynamics of the two-state N 2 S equilibrium of the sugar conformation in nucleosides

(i) Our pD-dependent thermodynamic analysis of the N 2 S equilibrium of 30 interrelated analogs including
abasic sugars, B-D-ddNs, B-D-2'-dNs, B-D-rNs and their 3'-phosphates, has uniquely shown!.2 that the
conformation of the sugar moiety in B-g—nucleosides is energetically (AH®) controlled by the following
stereoelectronic effects!: (a) The anomeric effect!10-12 of the nucleobase, which drives the N2 S equilibrium
toward N-type conformations giving a pseudoaxial orientation of the aglycone, and is opposed by its
counteracting steric bulk which favours its pseudoequatorial orientation. (b) The gauche effects! |3 of [04'-C4'-
C3-03'7 and [02'-C2'-C1'-N(Base)] fragments drive the Nz S equilibrium toward S-type conformers whereas
the gauche effect of [04'-C1'-C2'-02'] drives it toward N-type sugars. and (c) the effect of [05'-C5'-C4'-04']
fragment is minimal.

The strength of the combined steric and stereoelectronic components of the N-aglycone effect is nucleobase-
dependent and it increases in the following order!: adenine = guanine, thymine, uracil, cytosine. We have
recently shown!n that the strength of the anomeric effect (AH®) increases (decreases) upon protonation
(deprotonation) of the constituent nucleobase in B-D-2'-dNs and B-D-rNs, which has been experimentally
evidenced by the sigmoidal dependence of the AG® of the N 2 S equilibrium of their pentofuranose moieties
upon the pD of the solution.

(ii) In ddNs the conformation of the pentofuranose moiety is almost exclusively controlled by the strength
of the substituent effect of the nucleobase!, which drives the N 2 S equilibrium toward N-type sugars in the
case of B—Q—dst and toward S-type conformations in o-D-ddNs. Therefore, @-D-ddNs and ﬁ-g—dst
constitute the systems of choice to investigate the influence of the configuration at C1' on the thermodynamics
of the N 2 S equilibrium of their constituent sugar moieties. It has been shown that the contribution of the
5'CH,OH effect to AH® of the N& S equilibrium in B-D-ddNs 2, 4,7 and 9 is negligible!. However, in order
to rule out any contribution form the possible interaction between 5'CH,OH and the nucleobase to the
thermodynamics of the N 2 S equilibrium in B-D-ddNs, we have also determined the pD-dependent
conformational preferences of the sugar moiety in 5'—OMe-B-2—ddG 5 from pD 2.0to pD 11.9.

(B) The aromatic nature of a particular nucleobase is identical in ®.-D- and in 3-D-ddNs

The experimentally measured aromatic 'H chemical shifts in 1 - 9 as a function of pD have been fitted to the
Henderson-Hasselbach equation (1) using a Monte Carlo algorithm!4 to give the pK,s of the nucleobases at the
inflection points [see panel (A) for a-D-ddA 1, panel (B) for B-Q—ddA 2, panel (E) for o-D-ddC 6, panel (F)
for 0-D-ddC 7, panel (I) for a-D-ddT 8 and panel (J) for B—E-ddT 9 in Fig. 3; see panels (A), (B) and (C) for
0-D-ddG 3, B-D-ddG 4 and 5'-OMe-B-D-ddG 5 in Fig. 4, respectively]. Note that these pK, valuesS have also
been further verified through Hill plots according to a well-known procedure!S:
[,£§+] = PKa+10g(1(;a) ----- m

Our study shows that the pK, values of adenine (3.7 in a-D-ddA 1, 3.8 in B-D-ddA 2), guanine (2.7 and 9.7

pD =pKa +log
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in «-D-ddG 3; 2.6, 9.6 in B-D-ddG 4 and 2.5, 9.4 in 5'-OMe-f-D-ddG 5), cytosine (4.1 in o-D-ddC 6, 4.3 in B-
D-ddC 7) and thymine (9.7 in a-D-ddT 8, 9.9 in B-D-ddT 9) in each of the a-D- versus B-D-ddN pairs are
virtually identical, as the differences observed in any o- / B- pair are within the accuracy of our measurements

(£ 0.1). This means that the aromatic character of the adenine, guanine, cytosine and thymine bases remains the
same as the configuration at C1' is inverted from o to B- in ddNs.

(C) The N-aglycone effect induced larger flexibility of 3-D-ddNs 2,4, 5,7 and 9

The plots of AH® and AG® values for f-D-ddNs 2 [Table 3, panels (A) for AH® and (B) for AG288 in Fig.
1], 4 [Table 5, panels (A) for AH® and (B) for AG288 in Fig. 2], 5 [Table 6, panels (A) for AH® and (B) for
AG?88 in Fig. 2], 7 [Table 8, panels (C) for AH" and (D) for AG298 in Fig. 1], and 9 [Table 10, panels (E) for
AH’ and (F) for AG298 in Fig. 1] as a function of pD have the sigmoidal shape of titration curves, as found by
us previously in the B-D-2'-dNs and 3-D-rNs series!". A Monte Carlo fitting procedure!4 of these curves to our
experimental data using eq. (1) has given the AH®, -TAS®and AG® values at the protonated (P subscript),
neutral (N subscript) or deprotonated (D subscript) states of the N&2 S equilibrium in B-D-ddNs 2, 4, 5, 7 and
9, as well as the pK,s of the aglycones obtained from the pD values at the inflection points, which are identical
(within  0.2) to those calculated independently from pD-dependent 'H chemical shifts (Table 1).

(a) In each of the P, N and D states of B-ZD-dst 2,4,5,7 and 9, AH® is the main contribution to the drive
of the N 2 S equilibrium to N-type sugar conformations, and it overrides the counteracting -TAS® term.

(b) In order to investigate the hypothesis of a possible contribution of an interaction between 5'-CH,OH
moiety with the constituent nucleobase to the thermodynamics of the N 2 S equilibrium in the case of 3-D-
ddNs, we have compared the pD-dependent conformational preferences of the sugar moiety in DO both in B-
D-ddG 4 and in its 5'-OMe counterpart, 5'-OMe-$-D-ddG 5.

The conclusions of this comparison are as follows: (i) A perusal of AH® values of the N 2 S equilibrium in
each of the P, N and D states for 4 and 5 in Table 1 clearly shows that the effect of 5'-OMe in the latter is
almost identical to that of 5'OH in the former [AH’ for (5) - AH" for (4) = -0.2 kJ/mol in the P state; 0.9 kJ/mol
in the N state and 0.9 kJ/mol in the D state]. The strength of the 5'-OMe effect in S is comparable to that of 5'-
OMe in 3',5"-O-dimethyltetrahydrofurfuryl alcohol [3',5'-diOMe-THFA] 11, as obtained by subtraction of AH’
of the N S equilibrium in 10 from that of 11. [AAH’ (11-10) = 0.4 kJ/mol, Table 1]. Noteworthy is the
fact that the actual preference of the sugar moiety for N-type sugars (reflected in AG"y and AG’py values, Table
1) is enhanced in 5'-OMe-B-D-ddG S compared to its 5'-OH counterpart B-D-ddG 4 in each of the neutral and
deprotonated states, although AHy and AH'p values are virtually identical for both compounds. This is the
result of larger entropy stabilization (Table 1) of N-conformers both in the N compared to the D state in §
compared to 4. (ii) Our pD-dependent 1D-nOe difference experiments performed in each of the P, N and D
states of B-D-ddG 4 and 5'-OMe-3-D-ddG 5 also show that guanine remains preferentially in anzi orientation
around the glycosidic torsion at all pDs for both compounds. The syn/anti ratios do not differ significantly for 4
and 5 (see the experimental section). Therefore, any differences observed in the drive of the sugar
conformation in B-E-dst 2,4,5,7 and 9 (i.e, reflected in AAG® values) as the pD of the D,O solution
changes can safely be attributed to the change in the strength of the N-substituent effect (i.e. reflected in AAH®
values).

(c) Consistent with our previous work!? on B-D-2-dNs and B-D-1Ns, protonation of the nucleobase in B-D-
ddA 2, B-D-ddG 4 and B-D-ddC 7 results in the increased preference of their pentofuranose moieties for N-type
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conformations [ie AAG®p.N)= 1.5 kimol-!, 3.8 kImol-! and 1.1 kJmol-1, respectively] as a result of the
efficient transmission of the enhancement of the strength of the N-aglycone effect (i.e. both stereoelectronic
anomeric effect and the opposing steric effect) to drive the sugar conformation [i.e AAH (p Ny = 5.7 kJmol-1,
20.2 kJmol-! and 3.0 kJmol-1, respectively], whereas deprotonation of guanine in B-D-ddG 4 and of thymire in
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Figure 1. The plots of experimental AH" [Panels (A), (C) and (E)} and AG" values [Panels (B), (D) and (F)] for the N 2 S
pseudorotational equilibrium of adenine, cytosine and thymine o-D- and B-D-2',3'-dideoxynucleosides. The sigmoidal curves have

been fitted to our experimental data using a MonteCarto procedure?sce text and the legend of Table 1). (A) AH" values (at 6 pDs in
the range 1.5 - 6.8) are pD-independent for a-D-ddA (1) whereas they show a sigmoidal dependence on pD for its B-counterpar- ]32

ddA (2) (at 9 pDs in the range from 1.6 to 6.7). (B) AG?88 values (at 6 pDs in the range 1.5 - 6.8) are pD-independent for o-D-ddA
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(1) whereas they show a sigmoidal dependence on pD for its B-counterpart B-D-ddA (2) (at 9 pDs in the range from 1.6 to 6.7). )
AH” values (at 5 pDs in the range 1.5 - 6.4) are pD-independent for (I-I_)ddCT()) whereas they show a sigmoidal dependence on pD
for its B-counterpart B-D-ddC (7) (at 10 pDs in the range from 1.1 to 6.6). (D) AG2% values (at 5 pDs in the range 1.5 - 6.4) are pD-
independent for o- DddC (6) whereas they show a sigmoidal dependence on pD for its B-counterpart B-D-ddC (7) (at 10 pDs in the
range from 1.1 t0 6.6). () AH" values both for o- D-ddT (8) (at 8 pDs in the range 6.5 - 11.7) and for its B-counterpart B-D-ddT (9)
(at 8 pDs in the range 6.8 - 11.4) show a sigmoidal dependence on pD. (F) AG?%8 values both for «-D-ddT (8) (at 8 pDs in n the range
6.5 - 11.7) and for its B-counterpart B-D-ddT (9) (at 8 pDs in the range 6.8 - 11.4) show a sigmoidal d;pcndcncc on pD.

B—Q—ddT 9 yields a reduced proportion of N-type sugars at alkaline compared to neutral pDs [AAG®pny=-1.1
kJmol-! and -0.8 kJmol-!, respectively] owing to the reduction of the strength of the N-aglycone effect
[AAH® Ny = -2.0 kImol, -1.9 kJmol-!, respectively].

(d) The plots of the 'H aromatic chemical shifts as a function of AG® of the N 2 S equilibrium of the
constituent sugar moiety in 3-D-ddNs 2, 4, 5, 7 and 9 give straight lines with Pearson's correlation coefficients
above 0.97 [for slopes and intercepts of the correlation plots, see the legends of panels (D), (H), (L) for 2, 7 and
9, respectively, in Figure 3 and panels (E) and (F) for 4 and 5, respectively, in Fig. 4]. This shows that the
forces that drive the protonation 2 deprotonation equilibrium in B-D-ddNs 2, 4, 5, 7 and 9 are efficiently

transmitted to drive the two-state N 2 S equilibria of their constituent sugar moieties .

(D) The poorer conformational flexibility of the 0-D-ddNs 1, 3, 6 and 8

In contradistinction to what we have found for B-g—dst 2,4,5,7 and 9 (vide supra), the conformation of
the sugar moiety in -D-ddNs 1, 3, 6 and 8 appears to be rather more constrained and insensitive to the change
of the pD or temperature of the solution, which is experimentally evidenced by the following:

(a) The magnitude of the N-aglycone effect induced modulation of the drive of the N 2 S equilibrium of the
pentofuranose moiety, as the temperature changes (reflected in the AH® term) is much reduced in any of the
protonated, neutral or deprotonated states of «-D-ddNs 1, 3, 6 and 8 compared to the corresponding B-D-
counterparts 2, 4, 5, 7 and 9 (see Table 1).

{(b) Our 1D-nOe difference experiments in the neutral state of each of the a-/B- pairs, i.e. o-D-ddA 1 versus
p-D-ddA 2, in -D-ddG 3 versus B-D-ddG 4, in a-D-ddC 6 versus B-D-ddC 7 as well as in 0-D-ddT 8 versus
B-D-ddT 9 clearly show that (i) adenine, guanine, cytosine and thymine nucleobases all prefer anti orientation
around the glycosidic torsion in all ddNs, and (ii) the extent of the preference for anti rotamers is almost
independent upon the configuration at C1' within each o-/B- pair (see the experimental section). This therefore
means that if we observe any differential modulation of the bias of the N 2 S equilibrium in o~ compared to B-
D-ddNs at any pD, this can directly be attributed to the different strength of the N-aglycone effect depending
upon the configuration of the ddN at C1'.

(b) The preference for the population of the S-type conformations in the neutral state in o-D-ddA 1 and a-D-
ddC 6 is not affected as their nucleobases become protonated [see pD-independent AG® values in Panels (B)
and (D) of Fig. 1] compared to the §-D- counterparts. This means that although the electronic nature of the
protonated and neutral nucleobases is the same both in o- and B-counterparts (vide supra), the change of the
aromatic character from the neutral to the protonated form is not transmitted through the N-aglycone effect to
alter the sugar conformation in the former [see the pD-independent AH® values in Fig. 1 for a-D-ddA 1 in
Panel (A) and for -D-ddC 6 in Panel (C)]. Similarly, upon deprotonation of guanin-9-yl in 0.-D-ddG 3, the
sugar conformation remains the same in the alkaline pD rangs as under neutral conditions compared to B-D-
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ddG 4 and 5 , thereby showing the lack of transmission of the electronic character of the deprotonated guanine
moiety through N-aglycone effect to drive its sugar conformation [see Panels (A) and (B) in Fig. 2].

(c) The only situations in which the sugar conformation of 0.-D-ddNs responds to the change of the pD of
the solution have been found for a-D-ddG 3 in the acidic solution and for 0-D-ddT 8 under alkaline conditions

B-D-ddG 4)
0 U SR Y - » ] -
i a-D-ddG (3)
-5 - '-'.
L
10 4
T ‘ T T T T T T T T T
2 4 6 8 10 12
pD
8
] (B)
g A i TP S
2 5 pRagc e ]
)
g .
g
o 0
&)
a4
. . . " .- L]
2 -t 0-D-ddG (3)
. R |
_4 -
T T T T T T T v T ¥ T
2 4 6 8 10 12

D

Figure 2. The plots of experimental AH’ {Panel (A)] and AG']:Ialues [Panel (B)] for the N 2 S pseudorotational equilibrium of
guanine ot-D- and B-D-2',3"-dideoxynucleosides. The sigmoidal curves have been fitted to our experimental data using a Monte(Carlo
procedure Eec text and the legend of Table 1). (A) AH" values for &-D-ddG (3) (at 10 pDs in the range 2.2 - 11.8), for its B-
counterpart B-D-ddG (4) (at 15 pDs in the range 1.9 - 11.6) and for 5‘-0M:-B-Q<ddG (5) (at 11 pDs in the range 2.0 - 11.9) all show a
sigmoidal dependence on pD. (B) AG288 values for a-D-ddG (3) (at 10 pDs in the range 2.2 - 11.8), for its B-counterpart B-D-ddG
(4) (at 15 pDs in the range 1.9 - 11.6) and for 5'-017[—e-ﬂ-1_)_-ddG (5) (at 11 pDs in the range 2.0 - 11.9) all show a sig;oidal
dependence on pD. o
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[AAG®°p.N) = - 1.5 kJmol-! for a-D-ddG 2 ; AAG®(p.Ny = 0.3 kJmol-! for a-D-ddT 8], owing to the resulting
enhanced [AAH®p ) = -8.3 kJmol-1] and reduced [AAH°(p.Ny = 0.6 kJmol-1] N-substituent effect in the
protonated o-D-ddG 3 and in the deprotonated o-D-ddT 8 compared to their neutral forms, respectively (see
panels (E) and (F) for «-D-ddT 8 in Fig. | and panels (A) and (B) in Fig. 2 for o-D-ddG 3). In these cases, the
experimental pD-dependent AH® and AG® values of the N 2 S equilibrium could be fitted to sigmoidal curves
(as described before). The pK, value of thymine in 0-D-ddT 8 determined from the pD-dependent

8.6 A 8.7 8.6
E 85 (4) T 86 - (B) E 8.5 A ©
=3 L g a 1 a L]
S . e o =
Z 8.4 1 . & 85 5 8.4 1
% 8.3 - . 2 8.4 - 2 8.3 4 -
q . 3 ) a
® 8.2 = 8.3 - © 8.2 4
B o-D-ddA (1) | T BDddA(2) | & a-D-ddA (1)
8.1 ; . . 8.2 . . : 8.1 : .
0 2 4, 6 8 0 2 4 6 8 3 2 -1 0
p! pD AG® (kJ/mol)
8.7 8.4
= 86 1 (D) | & 80 E) g g (F)
& & v een & 821
i 837 ” o Z 80 ‘Qﬁ;ﬁ&\\*
0 4 . a
2 84 a7 . g -—
= 831 £ Teee g 781
3 B-D-ddA (2) & 76 | a-D-ddC (6) | B-D-ddC (7)
8.2 ; . . ; | : . . , 7.6 ; ; .
1 2 3 4 5 6 0 2 4 6 8 0 2 4 6 8
AG® (kJ/mol) pD pD
_ 84 7.6
E 8.0 G) | g (H)| E (1
& . G821 754 e
. 7.8 ) X e Te
o0 . A N
) . 8.0 - 8 74 “eq
~ . o © A
k-] ool =)
& 76 oDdIC(6) - o 78 B-D-ddC (7) & 23 0-D-ddT (8)
3 2 -1 0 2 3 4 5 6 6 8 10 12
AG® (ki/mol) AG® (kJ/mol) pD
7.8 7.6 7.8
0 J) | g (X)| =
€77 & . £77 1 @
i v 7.5 1 1 o
% 7.6 - i ¥ 7.6 -
N N L ] o0
= N 7.4 A ] =
2 7.5 v & 175 4
> B-D-ddT (9) = o-D-ddT (8) 2 B-D-ddT (9)
7.4 - . . T 7.3 : T - © 74 :
6 8 10 12 -08 03 0.2 2 3 4
pD AG°® (kJ/mol) AG°® (kJ/mol)

Figure 3. The plots of 'H aromatic chemical shifts as a function of pD and the correlation plots of 'H aromatic chemical shifts with
AG® of the N 2 S equilibrium in @¢-D- and p-D-2',3'-ddNs. (A) The plot of pD-dependent H8 chemical shift (288K) for a-D-ddA (1),
showing a sigmoidal curve which is the best iterative least-squares fit of the 6 pD-dependent experimental data. (B) The Em of pD-
dependent H8 chemical shift (288K) for B-D-ddA (2), showing a sigmoidal curve which is the best iterative least-squares fit of the 9
pD-dependent experimental data. ©) The correlation plot of the pD-dependent H8 chemical shift (288 K) as a function of pD-
dependent AG™ for the N2 S equilibrium of 0-D-ddA (1) showing a straight line, with a correlation coefficient of 0.623, a slope of
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-0.53 (0 = 0.32) and an intercept of 7.58 (6 = 0.49). (D) The correlation plot of the pD-dependent H§ chemical shift at 288 K. as a
function of pD-dependent AG288 for the N2 S equilibrium of B-D-ddA (2) showing a straight line, with a correlation coefficieat of
0.999, a slope of 0.16 (o = 0.01) and an intercept of 7.90 (o = 0.02). (E) The plot of pD-dependent H6 chemical shift (298 K) for o
D-ddC (6), showing a sigmoidal curve which is the best iterative least-squares fit of the 11 pD-dependent experimental data. (F) The
aol of pD-dependent H6 chemical shift (298 K) for B-D-ddC (7), showing a sigmoidal curve which is the best iterative least-squares
fit of the 10 pD-dependent experimental data. (G) The correlation plot of the pD-dependent H6 chemical shift (298 K) as a function
of pD-dependent AG™® for the Nz S equilibrium of o-D-ddC (6) showing a straight line, with a correlation coefficient of 0.999, a
slope of -0.69 (6 = 0.01) and an intercept of 6.81 (6= 0.02). (H) The correlation plot of the pD-dependent H6 chemical shift (298 K)
as a function of pD-dependent AGZ‘)8 for the N2 S equilibrium of B-D-ddC (7) showing a straight line, with a correlation coeff:cient
of 0.970, a slope of 0.25 (o = 0.02) and an intercept of 7.03 (¢ = 0.09). (I) The plot of pD-dependent H6 chemical shift (298 K} for
o-D-ddT (8), showing a sigmoidal curve which is the best iterative least-squares fit of the 8 pD-dependent experimental data. (J)
The plot of pD-dependent H6 chemical shift (298 K) for B-D-ddT (9), showing a sigmoidal curve which is the best iterative least-
squares fit of the 8 pD-dependent experimental data. (K) The correlation plot of the pD-dependent H6 chemical shift (298 K) as a
function of pD-dependent AG298 for the N 2 S equilibrium of a-D-ddT (7) showing a straight line, with a correlation coefficient of
0.96, a slope of -0.39 (¢ = 0.05) and an lnlcrcept 0f 7.30 (0 = 0.02). (I.) The correlation plot of the pD-dependent H6 chemical shift
(298 K) as a function of pD-dependent AG tor the N 2 S equilibrium of B-D-ddT (9) showing a straight line, with a correlation
coefficient of 0.991, a slope of 0.23 (6 = 0.01) and an intercept of 6.98 (o = [)A()4).

thermodynamics of its N 2 S equilibrium is almost identical (£ 0.3) to that found from its pD-dependent 'H
chemical shifts. For o-D-ddG 3 in the acidic solution, we have fitted the sigmoidal curve to our experimental

data points by constraining the value of the pK, to that derived from 'H pD-dependent chemical shifts during
the MonteCarlo fit owing to the fact that pD-dependent thermodynamics of the N 2 S equilibrium in this
compound could not be determined at pD < 2.2 owing to its depurination (see the legend of Table 1).
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Figure 4. The plots of 'H aromatic chemical shifts as a function of pD and the correlation plots of 'H aromatic chemical shifts with
AG” of the N S equilibrium in ¢-D- and B-D-2',3'-ddNs. (A) The plot of pD-dependent H8 chemical shift (288 K) for a-D-ddG

(3), showing a sigmoidal curve which is the best iterative least- -squares fit of the 19 pD-dependent experimental data. (B) The | plot of
pD-dependent H8 chemical shift (288 K) for $-D-ddG (4), showing a sigmoidal curve which is the best iterative least-squares fit of

the 15 pD-dependent experimental data. (C) The plot of pD-dependent H8 chemical shift (288 K) for 5'-OMe-B-D-ddG (5), showing
a sigmoidal curve which is the best iterative least-squares fit of the 19 pD- dependcm experimental data. (D) The correlation plot of
the pD-dependent H8 chemical shift (288 K) as a function of pD-dependent ac™ ¥ for the N 2 S equilibrium of @-D-ddG (3) showing
a straight line with a correlation coefficient of 0.993, a slope of -0.82 (¢ = 0.06) and an In[LrLLp[ of 6.89 (G = 0.03). (E) The
correlation plots of the pD-dependent H8 chemical shift (288 K) as a function of pD-dependent AG ® for the N 2 S cquilibrium of B-
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D-ddG (4) showing straight lines. The line (----) has a correlation coefficient of 0.989, a slope of 0.31 (= 0.02) and an intercept of

717 (0 = 0.07), whereas the line (—) has a correlation coefficient of 0.995, a slope of 0.12 (¢ = 0.01) and an imerc?gt of 7.65 (6=

0.01). (F) The correlation plots of the pD-dependent H8 chemical shift (288 K) as a function of pD-dependent A02 forthe N2 §

equilibrium of 5'-OMe- B'_Q'ddG (5) showing straight lines. The line (----) has a correlation coefficient of 0.991, a slope of 0.40 (¢ =

0.03) and an intercept of 6.49 (¢ = 0.13), whereas the line (—) has a correlation coefficient of 0.940, a slope of 0.19 (¢ = 0.03) and
an intercept of 7.24 (¢ =0.12).

(d) The correlation plots of the pD-dependent 'H chemical shifts as a function of the AG® of the N 2 S
equilibrium in -D-ddNs 1, 3, 6 and 8, also give straight lines as in the B-counterparts (Pearson's correlation
coefficients (R) > 0.96 except for a-D-ddA (1) (R = 0.62) because of the very small change in the experimental
AG?® values as a function of pD) [for slopes and intercepts of the correlation plots, see the legends of Panel (C)
in Fig. 3 for o-D-ddA 1, Panel (D) in Fig. 4 for o-D-ddG 3, Panel (G) in Fig. 3 for a-D-ddC 6 and Panel (K) in
Fig. 3 for -D-ddT (8)]. The reduced efficiency of the transmission of the change of the strength of. the N-
aglycone effect by the pD of the solution to drive the sugar conformation for each nucleobase in 0:-D-
compared to 3-D-ddNss is also reflected in the larger slopes of these plots for the former compared to the latter
(Fig. 3and 4 ).

(E) The anomeric effect of N-aglycone on the drive of the sugar conformation is larger in purine [}-D-
ddNs than in o-D- counterparts in the protonated state

(i) The total N-aglycone effect in a-D- or B-Q- ddNs. The total effect (AAH{, in columns 2, 3 and 4 of
Table 2) of the N-aglycone in 0-D-ddNs 1, 3, 6 and 8 compared to B-D-ddNs 2, 4, 5, 7 at any pD can be
quantified by simple subtraction of AH® of the drive of the N2 S equilibrium in 1,2,3-trideoxypentofuranose
12 from AH° of the N 2 S equilibrium in a particular ddN.

(ii) The strength of the actual anomeric effect in o-D-ddA (1), ﬁ-g—ddA (2), -D-ddG (3) and ﬂ-Q-ddG (4).
The anomeric effect of the nucleobase (AAH’,, columns 5, 6 and 7 in Table 2) in a ddN can only be determined
by subtracting the inherent steric effect of the N-aglycone from the total (i.e. steric + stereoelectronic) N-
aglycone effect on the drive of N 2 S equilibrium. We have recently shown!d that the relatively most
thermodynamically stabilized S-type conformer is found in the C-nucleoside 9-deazaadenosine 15 in which 9-
deazaadenin-9-yl as the C-aglycone at C1' takes up the relatively most favoured pseudoequatorial orientation
between pD 8.8-12.0 (AH’ = -14.2 kJ/mol). Under alkaline pD, AH" for the drive of N & S pseudorotational
equilibrium in 15 is almost exclusively controlled by the steric effect of the constituent C-aglycone, as a result
of extremely reduced stereoelectronic interaction of the lone pairs of furanose-O4' with the 6*C1-C9(;5p2)-
Therefore, 9-deazaadenin-9-yl as the C-aglycone at C1' in 15 can be used as the best reference point for
subtraction of the steric effect of the adenin-9-yl or guanin-9-yl substituent in &-D-ddA (1) and its B-
counterpart 3-D-ddA (2) as well as in @-D-ddG (3) and its B-counterpart §-D-ddG (4). Our results (Table 2,
columns 3, 6 and 7) clearly show the enhanced strength of the anomeric effect of protonated adenine in B—Q-
ddA (2) compared to its ai-counterpart o-D-ddA (1) and of protonated guanine in B—Q—ddG (4) compared to its
o-counterpart ¢-D-ddG (3), whereas in the neutral and deprotonated states, the strength of the anomeric effect
of the nucleobase is comparable in the o-D- and B—Q—series.
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Table 2: The pD-dependent strength of the anomeric effect in purine ¢-D- and -D-ddNs

AAH’ = Effect of the N-aglycone? AAH’) = Anomeric Effect of the N-aglyconeb
Compound | Protonated Neutral Deprotonated | Protonated Neutral Deprotonated
nucleobase nucleobase nucleobase nucleobase nucleobase nucleobase
a-D-ddA (1) 2.1 2.1 - -16.7 -16.7 -
B-D-ddA (2) 8.8 3.1 - 234 17.7
o-D-ddG (3) 9.1 0.8 -0.8 -23.7 -15.4 -15.4
B-D-ddG (4) 23.2 3.0 1.0 37.8 17.6 15.6

3 AAH’| = the total effect of the N-aglycone on the N S equilibrium of 1 - 4 has been calculated by subtracting the gauche effsct of
5'-CH,OH group (reflected in the AH® value of the N 2 S equilibrium for 12) from the experimental AH" values for 1 - 4 (see ref. 1a)

b AAH’, = the anomeric effect of adenine in &-D-ddA 1 and B-D-ddA 3 and of guanine in o-D-ddG and B-D-ddG is given by the
equation: AAH", = AAH’, - SE (Base), where SE?Base) denotes steric effect of adenine (or guanﬁe) on the N —2 S equilibrium of 1 -
4. For B-D-ddA and B-D-ddG, SE (Base) = AH" of (15 ) - AH" of (14) = -14.2 -0.4 = -14.6 kl/mol (see ref. 1q). For a-D-ddA and o-
Q—ddG, we have assumed in first approximation that the steric effect of the adenine and guanine base has the same stre;gth as in the

B-counterparts, but is of opposite sign due to the opposite configuration at C1', driving the N 2 S equilibrium to N-type
conformations. Therefore SE (Base) = - [AH" of (15) - AH" of (14)] = -[-14.2 -0.4] = 14.6 kJ/mol. AH" of 15 has been taken from ref.
1q.

Conclusions

We herein have shown unambiguously that more flexible B-D-nucleosides are chosen by evolutionery
forces over the ¢-D-nucleosides. The basic mechanisms of the flexibility differences between -D- and B-D-
nucleosides are as follows:

(i) The aromatic nature of the nucleobase remains the same as one changes the configuration at C1' from o.-
in -D-ddNs 1, 3, 6 and 8 to - in $-D-ddNs 2, 4, 5, 7 and 9 as experimentally evidenced by their identical pKa
values.

(ii) The correlation plots of aromatic 'H chemical shifts of the constituent nucleobase versus AG® of the
two-state N 2 N equilibrium show straight lines both in the case of o-D-ddNs 1, 3, 6 and 8 and of their 3-D-
counterparts 2, 4, 5, 7 and 9. However, the slopes of the plots for the former are much larger compared to those
for the latter, which means that the efficiency (AG®) of the anomeric effect induced modulation of the drive of
the N 2 S equilibrium by the pD of the solution is much reduced in the former compared to the latter.

(iii) The efficiency of the transmission of the effect that drives the protonation 2 deprotonation equilibrium
of a particular nucleobase to drive the conformation of the constituent pentofuranose moiety through the pD-
dependent N-aglycone effect is greatly reduced in 0-D-ddNs 1, 3, 6 and 8 compared to the situation in B-D-
counterparts 2, 4, 5, 7 and 9. This implies that the internal flexibility of the sugar conformation is significantly
restricted in o-D-ddNs compared to B-D-ddNs. This also means that the sugar moiety in B-D-ddNs will be
much more predisposed to respond to the change of the environment (i.e. change of the pH of the solution,
metallation or interaction of the nucleobase with any other ligand) than that in ¢-D-ddNs 1, 3, 6 and 8.

Our results therefore suggest that it is the inherent flexibility of the conformation of the sugar moieties that
makes B—:D-nucleosides the universal building blocks for the storage of the genetic information in Nature as

they appear to be more flexible, and, hence, can afford to be more promiscuous in adopting necessary
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conformation as a response to the immediate environment than their o-D-counterparts.

Experimental Section

(A) Chemical syntheses. o-D-2'.3'-dideoxyadenosine 1, o -D-2',3'-dideoxyguanosine 3 and @-D-2',3-
dideoxythymidine 8 were prepared in a stereocontrolled manner from the respective (x-_]_}arabinonucfc—oside
derivatives!7 obtained via trimethylsilyl trifluoromethanesulfonate catalysed condensation!8 of persilylated N6-
benzoyladenine!9, N2-acetyl-O6-diphenylcarbamoylguanine! 7> and thymine, respectively, with 1-O-acetyl-
2,3,S-Hi-O—(p-toluoyl)-a,B-g—arabinofu:ranos¢320 in dry 1,2-dichloroethane. After selective removal of the p-
toluoyl groups from the sugar hydroxyl functions20b, the base protected o-D-arabinonucleosides were
converted first into their 3',5'-0-(1,1,3,3-O-tetraisopropyldisiloxan-1,3-diyl)-2'-O-phenoxythiocarbonyl
(PTC)20.21 derivatives for the reduction of the C-2' center under free radical condition2! with tri-n-butyltin
hydride in the presence of 2,2'-azobis(2-methylpropionitrile) (AIBN). The a-D-2'-deoxynucleosides obtained
upon removal of the silyl protection with 1M tetra-n-butylammonium fluoride in dry THF were protected as 5'-
O-(p-toluoyl)-3'-O-PTC derivatives. Their free radical deoxygenation2! and subsequent treatment with
methanolic ammonia afforded compounds 1, 3 and 8. o.-D-2',3-dideoxycytidine 6 was prepared upon
condensation of silylated N*-benzoylcytosine!? and 1-O-methyl-5-O-(p-toluoyl)-a,B-D-2,3-dideoxy-
ribofuranose (obtained by deoxygenation of 1-O-methyl-5-O-(p-toluoyl)-3-O-PTC-c,B-D-2-deoxyribose) in
dry acetonitrile22 with trimethylsilyl triflate as Lewis acid?? catalyst. The anomers formed were separated by
short column chromatography and the o-anomer was deprotected to compound 6 by methanolic ammonia. B-
D-2',3'-dideoxyguanosine 4 was obtained via the free radical reduction of 5'-O-(p-toluoyl)-3'-0O-PTC-N2-
acetyl-O6-diphenylcarbamoyl-2'-B-D-deoxyguanosine?!.24 followed by treatment with methanolic ammonia.
5'-O-Methyl-[3-2-2‘,3'-dideoxyguanosine 5 was synthesised from 5'-O-methyl-2',3'-O-bis-(p-toluoyl)-N2—
acetyl-O6-diphenylcarbamoyl-B-D-guanosine obtained upon condensation of silylated N2-acetyl-O6-
diphenylcarbamoylguanine and 1—0—acely1—2,3-O-bis-(p-toluoyl)-S-O-methyl-ot,B-Q—ribofuranose. Removal of
p-toluoyl groups according to a literature procedure24b and protection of the cis 2',3'-diol with a 2'-O-(iert-
butyldimethylsilyl)-3'-O-phenoxythiocarbonyl combination allowed the deoxygenation with tri-n-butyltin
hydride and AIBN to afford 2'-O-TBDMS-3'-deoxyguanosine derivative. This was converted to 2'-O-PTC-3'-
deoxy derivative, deoxygenated and deprotected by methanolic ammonia. Compound 10 was prepared via
methylation of S—O—monomethomytrityl-1,2—dide,oxy—gAribofuranosela with methyl iodide in the presence of
NaH in dry DMF?25 followed by removal of the 5-O-protecting group according to our literature procedure!la,
Methylation of compound 10 as above afforded compound 11.

(B) 1H-NMR spectroscopy. \H-NMR spectra have been recorded throughout the 278 K - 358 K range in 5
K or 10 K intervals in D,O solution at various pDs in the 1.1 - 11.6 range using 500 MHz or 600 MHz Bruker
DRX spectrometers (see Tables 12 - 20). At each pD, 3Jyy extracted from 1H-NMR spectra have been
simulated and/or iterated with the DAISY program!6. The FIDs have been recorded using 32 K points and the
spectra have been zero-filled to 64 K. The configurations at C1' of a-D-ddNs 1, 3, 6 and 8 have been verified
using 1D-1H-nOe difference spectroscopy.

The relative populations of syn and anti rotamers in the syn 2 anti equilibrium around the glycosidic
torsion in o-D-ddNs 1, 3, 6 and 8 and in their B-counterparts 2, 4, 5, 7 and 9 have been determined by 1D !H
nQOe difference spectroscopy (at 288 K or at 298 K in D,O solution) using the method described elsewhere by
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Rosemeyer et. al.Z6. For each compound, we have performed two experiments: in the first one, saturation of an
aromatic proton (H8 for adenine and guanine, H6 for cytosine and thymine base) yielded an nOe at H1'
(nOeyy+), whereas in the second experiment, saturation of H1' gave an nOe at H8 (or H6) (denoted (nOeyg or
nOeyg). The average nOe value (nOe,,) obtained from these two experiments gives an estimate of the
population of syn rotamers (% syn) around the glysosidic torsion using the equation: % syn = nOe,, / (.107.
The results are as follows: (a) For a-D-ddA 1 (at 298 K, pD = 7.3), nOeyy» = 2.3 %, nOeyg = 1.9 %, nOe,, =
2.1 % and % syn =20 % ; (b) For B-Q-ddA 2 (at 298 K, pD = 7.0), nOey» = 2.3 %, nOeyg = 2.4 , nOe,, = 2.4
% and % syn =22 % ; (c) For o-D-ddG 3 (pD = 7.5), nOey = 1.5 %, nOeyg = 2.1, nOe,, = 1.8 % and % syn
=17 % (at 298 K) and nOeyyy = 1.8 %, nOeyg = 1.8, nOe,, = 1.8 % and % syn = 17 % (at 288 K); (d) For B-D-
ddG 4 (at 288 K), nOeyy;: = 1.4 %, nOeyg = 1.5, nOe,, = 1.5 % and % syn = 14 % (at pD = 2.1); nOeyp» = 1.9
%, n0eyg = 2.4, nOe,, = 2.2 % and % syn =21 % (at pD = 7.4) and nOep;: = 2.8 %, nOeyg = 2.8, nOe,, = 2.8
% and % syn =26 % (at pD = 11.5); (e) For 5'-OMe-B—2—ddG 5 (at 288 K), nOeyy: = nOe,, = 1.6 % and %
syn =15 % (at pD = 2.1); nOeyy - = 1.7 %, nOeyg = 1.4, nOe,, = 1.6 % and % syn = 21 % (at pD = 6.6) and
nOey = 1.3 %, nOeyg = 1.3, nOe,, = 1.3 % and % syn = 12 % (at pD = 11.7); (f) For 0.-D-ddC 6 (at 298 K,
pD = 7.1), nOeyy = nOe,, = 2.4 % and % syn = 22 % ; (g) For B-D-ddC 7 (at 298K, pD = 7.0), nOey =
nOe,y = 1.5 % and % syn = 14 % ; (h) For 0.-D-ddT 8 (at 298 K, pD = 7.2), nOeyy- = 3.7 %, nOeyg = 3.2 %,
nOe,, = 3.5 % and % syn = 33 % ; (i) For B—g—ddT 9 (at 298 K, pD = 7.0), nOeyyy = 2.1 %, nOeyg = 2.0 %,
nOe,, = 2.1 % and % syn =20 %.

(C) Determination of the energetics of the pseudorotational equilibrium in nucleos(t)ides. The
thermodynamics of the N 2 S equilibrium in 1 - 9 have been determined at each pD using our standard
procedure!: The iterated or simulated 3]z have been interpretated in terms of two-state N 2 S equilibrium3
with the program PSEUROT?, as they are time-average values of the 3Jgy of the individual conformers. Five
parameters are needed to describe the actual state of the N 2 S equilibrium: The phase angles and puckering
amplitudes of the N [Py, W,(N)] and S [Pg, ¥,,,(S)] pseudorotamers and the mole fraction of one of them (xy
or xg). PSEUROT calculates the best fit of these five parameters to the experimental 3Jyy. The input of a
PSEUROT calculation consists of sets of (i) experimental 3Jyy, (ii) substituent electronegativities?, and (iii)
starting values for Py, Pg, ¥ (N) and ¥ (S) as well as xg at each temperature. The quality of the fit is
reflected in the rms of the analysis and the maximal difference (AJ,,,) between 3Jyy back-calculated by
PSEUROT (using the optimized Py, Pg, ¥ ,,(N) and W (S)) and the experimental 3Jgy.

(a) Examination of the conformational hyperspace that is accessible to the N and S pseudorotamers. The
PSEUROT calculations have been performed in either one or two ways: (i) When there is a clear preference of
the sugar for either N- or S-type conformations, we have constrained the geometry of the minor conformer. (ii)
We have also performed another series of calculations in which Wp(N) and ¥n(S) have been fixed at an
identical value. The detailed results of the PSEUROT analyses are given in Tables 3 - {1 for1-9.

For 10 and 11, we have first constrained the phase angle of the minor N conformer in the range -40° < Py <
40° in 10° steps with W,(N) set to 28°, 29°, 30°, 31° and 32°, which resulted in 136" < Pg < 146° and 29° <
Wn(S) < 32° for 10 [Al . = 0.6 Hz and r.m.s. < 0.5 Hz] and in 132° < Pg < 145° and 29° < Wiy(S) < 32° for 11
[A)nax = 0.6 Hz and r.m.s. < 0.4 Hz]. Alternatively, Wiy(N) and Wm(S) have been constrained to the same
value in the range 29° - 32° in 1~ steps which resulted in -30° < Py < 7° and 136" < Pg < 145° for 10 end in
-26° < Py < -10° and 135° < Pg < 143° for 11. The results of the pseudorotational analyses for 12 - 14 have

been reported earlier!? as well as for 1514.
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Table 12. The temperature-dependent vicinal coupling constants in a-D-ddA (1) as a function of pD2

C. THIBAUDEAU et al.

a-D-ddA (1)
pD 3y 3Ty 33 33 3y g3 Ny 313y
278 K 358 K |278 K 358 K [278 K 358 K |278 K 358 K [278 K 358 K [278 K 358 K |278 K 358 K [278 K 358 K

155 |67 68 |36 37[91 91|75 74|58 60|82 83|63 64|75 74
200 |67 68 [36 37|91 92|75 74|58 59|82 83|63 66|76 73
32¢ [ 67 66 |36 38|91 92|75 72059 61|84 84|63 65|76 75
36 |66 66|37 39|91 92|75 71|59 61|84 84|63 66|76 74
404 [ 66 66 |38 41 [91 92|73 69159 62|84 84]63 66|76 73
68 |66 66 |38 41 /91 92|73 69159 6284 840163 66|76 73

2 In Hz, error + 0.1 Hz for 3J;.5« and 3J]~2n 0.2 Hz for all other 3Jpyp. Only 31y at the lowest and the highest temperature
are tabulated, whereas they are available at several intermediate temperatures in 5 K or 10 K steps. Note that the complete set of

3,41 between the two extreme temperatures at each pD have been used in the calculation of thermodynamic quantities through
pseudorotational analyses and van't Hoff plots. Tabulated coupling constants are the result of simulation and iteration procedure
by DAISY program.16 P At 274 K and 304 K. € At278 K and 328 K. 4 At 278 K and 348 K.

Table 13. The temperature-dependent vicinal coupling constants in B—Q-ddA (2) as a function of pD2

B-D-ddA (2)
pD R i Yy Sy3e Ty Yy RETY 3y
278K 358K [278 K 358 K [278 K 358 K|278 K 358 K [278 K 358 K|278 K 358 K|278 K 358 K |278 K 358 K
160 [24 26070 70|79 80|27 31|11 10982 81|95 92]|63 64
210¢ |24 27 [70 70|79 80|27 31 |111 108[82 83 |94 91 |63 64
260 [25 29 |70 70|80 80|29 34 |110 105{81 83 |94 89|63 65
346 |27 33|70 70|79 80|32 38 |108 101[80 82|92 86|65 66
a0¢ |30 35069 69|79 79|35 40 |104 99 |81 83 |90 86|65 66
ast 132 3769 69|79 82|37 42100 95|82 83 |88 82|65 67
sof |32 37 [69 69 |80 83|38 43 (102 94 [81 83|88 83|65 67
55 |32 38|69 69|80 8338 441102 93 [81 83|87 81|65 638
67 |32 38 |69 69 |81 83|38 44 (102 93 |81 83 {87 82|66 67

21In Hz, Only 3JHH at the lowest and the highest temperature are tabulated, whereas they are available at several intermediate
temperatures in 5 K steps. Note that the complete set of 3JHH between 274 and 358 K at each pD have been used in the

calculation of thermodynamic quantities through pseudorotational analyses and van't Hoff plots. Tabulated coupling constants
are the result of simulation and iteration procedure by DAISY program!6. b 3j pH determined between 274 and 294 K because

of decomposition at higher temperatures. ¢ 3 yy determined between 274 and 299 K because of decomposition at higher
temperatures. 4 3JHH determined between 278 and 313 K because of decomposition at higher temperatures. € 3J gy determined
between 278 and 328 K because of decomposition at higher temperatures. £ 3JHH determined between 278 and 348K.
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Table 14. The temperature-dependent vicinal coupling constants in 0-D-ddG (3) as a function of pDa
a-D-ddG (3)
pD g 3 g 3y3 3p30 3oy g SR 3gng
278 K 358 K278 K 358 K |278 K 358 K278 K 358 K |278 K 358 K [278 K 358 K 278 K 358 K [278 K 358 K
2.2b 65 65 |28 32|91 91|85 81 [48 53 {84 85 }53 58|80 7.7
2.4¢ 65 66 |30 34|92 91|83 79|50 55|84 85|55 59179 17
2.7b 66 66 |33 37 |90 91 )81 74|55 59|83 85|58 63|78 1716
3.0¢ 66 67 |36 39091 92 176 173 |57 60 |84 84 |6.1 64 | 77 15
3.4d 67 67 |39 41 9.1 92 |73 71 |60 62 {85 85165 65|75 1715
4.2¢ 67 67 | 40 4.1 9.1 92 171 70 |62 63 |85 8567 67|74 14
8.7 67 67 |41 42 | 9.1 92 172 67 |62 63 |84 8567 67|72 74
9.2 66 67 142 42 |82 92 )71 69 |63 63 (84 85|68 67|74 74
9.6 66 67 {42 43 92 92 }69 68 |63 63 |84 85|67 66|74 73
11.8 66 66 143 43 |91 92 |70 68 |64 64 [84 85|67 67|74 13

4 In Hz, error + 0.2 Hz for 3J3r4v and 3J3n4 0.1 Hz for all other SJHH Only 3Jyy at the lowest and the highest temperature
are tabulated, whereas they are available at several intermediate temperatures in 5 K or 10 K steps. Note that the complete set of
3 yn between the two extreme temperatures at each pD have been used in the calculation of thermodynamic quantities through

pseudorotational analyses and van't Hoff plots. Tabulated coupling constants are the result of simulation and iteration procedure

by DAISY program.!® b At274 K and 303 K. € At274 K and 298 K. 9 At278 K and 313 K. © At 278 K and 328 K.

Table 15. The temperature-dependent vicinal coupling constants in f-D-ddG (4) as a function of pD2

BD-ddG 4)
pD iy e oy 3 iy I3 Ry I3y
278 K 358 K[278 K 358 K|278 K 358 K[278 K 358 K|278 K 358 K[278 K 358 K|278 K 358 K|278 K 358 K
195 |16 2167 68|75 76|19 25120 115[77 80 |101 96|60 61
22 |16 23|68 68|75 78|21 28|19 113[78 82100 95|60 61
24¢ |19 27|68 69|77 78|25 32[115 10880 81|98 93|61 63
25¢ |20 27|68 69f76 79|26 31|16 107]79 82|97 92|61 64
28¢ |25 31|69 69|79 80|29 35|11 103]80 83|93 89|63 65
30¢ [ 28 32|70 70|80 82|32 37107 102[81 83|90 87|64 65
34c [ 29 34|69 70|80 82|34 38104 100[81 82|89 86|64 66
43¢ |31 36|70 70|81 83|36 41[101 98|81 84|88 84|65 67
s3f |32 38|69 70|80 8437 43|102 94|81 85|87 83|65 67
88 |34 38|69 70|81 83|39 44f101 94|83 84|86 82|65 68
94 |35 39|70 70|81 83|20 4s5]97 93|85 84|86 81|65 63
98 |38 41|69 69|81 83|44 46[94 90|83 84|83 80|68 69
1048 |39 41|69 70|81 83|45 47|92 90|83 sa|s2 79|68 6
1108 | 40 42|69 69|83 83|46 49|91 88|82 84|81 79|69 69
1168 | 40 43|69 69| 8 83|47 49|91 88|82 84|81 79|70 69

aIn Hz, Only 3JHH at the lowest and the highest temperature are tabulated, whereas they are available at several intermediate
temperatures in 5 K steps. Note that the complete set of 3JHH between 274 and 358 K at each pD have been used in the
calculation of thermodynamic quantities through pseudorotational analyses and van't Hoff plots. Tabulated coupling constants
are the result of simulation and iteration procedure by DAISY program!6, b3J yy determined between 274 and 303 K because
of decomposition at higher temperatures. © 3JHH determined between 274 and 308 K because of decomposition at higher
temperatures. 9 3J; 1y determined between 274 and 313 K because of decomposition at higher temperatures. © SJHH determined
between 278 and 328 K because of decomposition at higher temperatures. 3] yy determined between 278 and 348 K. 8 3JH[H
determined between 288 and 358 K because H2' and H2" are almost isochronous at 278 K.
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Table 16. The temperature-dependent vicinal coupling constants in 5'-0Me-B-2—ddG (5) as a function of
pb?

5'—0Me-ﬁ—2—ddG 5)
pD iy 3y 3y 3y 3yry g3 Ny 33y
278 K 358 K [278 K 358 K [278 K 358 K [278 K 358 K [278 K 358 K [278 K 358 K [278 K 358 K |278 K 358 K

2.0b 1.7 2.1 68 69 176 77 |20 25 (120 113 |80 81 |10.1 97 | 6.0 6.2
2.3¢ 1.8 23 169 69|76 78 |21 27 |11.8 112 {80 82 |99 95 |61 6.2
2.7d 22 28 169 7.0 |78 79 |24 32 (114 107 |81 83 |98 92 |62 63
3.1¢ 25 29 |71 71179 80 |28 33 |11.0 106 |82 84 |95 90 |63 65
3.6f 27 31 72 7.1 | 80 81 |30 34 [109 104 } 83 84 | 9.1 88 | 64 6.6

5.2 28 33 |71 71 8.1 82 |31 38 |10.7 100 | 83 84 [ 9.1 86 | 64 66
8.8 29 33 |71 71 8.1 81 |31 37 [10.7 100 |83 R84 |90 87 |65 6.6
9.3 30 34 |71 71 8.1 8.1 33 37 |106 100 | 83 84 |89 87 |64 66
10.0 3.1 34 | 7.1 7.0 | 8.1 82 132 37 |106 100 |83 B84 |89 87 |65 67
10.9 3.1 34 | 7.1 7.0 | 8.1 83 |33 37 |105 100 |84 84 | 89 87 |66 6.6
11.98 3.1 34 | 7.1 7.1 8.1 83 |33 37 |104 100 | 83 84 )89 87 |65 66

2 In Hz, error £ 0.2 Hz for 3]3-4- and 313‘-4-, 0.1 Hz for all other 3JHH» Only 3J3y at the lowest and the highest temperatue

are tabulated, whereas they are available at several intermediate temperatures in 5 K or 10 K steps. Note that the complete set of
3y between the two extreme temperatures at each pD have been used in the calculation of thermodynamic quantities through

pseudorotational analyses and van't Hoff plots. Tabulated coupling constants are the result of simulation and iteration procedure
by DAISY program.!6 P At274 K and 303 K. € At 274 K and 308 K. 4 At 274 Kand 313 K. € At 274 K and 318 K. f At
278 K and 328 K. & At 278 K and 348 K.

Table 17. The temperature-dependent vicinal coupling constants in a-g—ddC (6) as a function of pD2

o-D-ddC (6)
pD 3o 3 oy 33 3y 3030 e 33ey
278 K 358 K |278 K 358 K [278 K 358 K [278 K 358 K [278 K 358 K |278 K 358 K [278 K 358 K [278 K 358 K

1.5b 63 65 (35 38 |86 89 |80 72|55 62 |81 84|57 61 76 74
2.0¢ 64 64 |35 39|85 88 |78 75|55 62|81 83|55 60|77 73
3.7b 63 65 {35 39|86 89 |80 73|57 63|82 85155 61 76 73
4.4d 63 64 137 39|87 86 |78 71|59 6283 84 (55 5876 74
6.4 64 65 ]38 43 |86 88 {78 7.1 |58 66 |83 85 58 62171 10
a In Hz, error + 0.2 Hz. Only I}y at the lowest and the highest temperature are tabulated, whereas they are available at several
intermediate temperatures in 10 K steps. Note that the complete set of 3JHH between the two extreme temperatures at each pD
have been used in the calculation of thermodynamic quantities through pseudorotational analyses and van't Hoff plots. Tabulated
coupling constants are the result of simulation and iteration procedure by DAISY program. 16 b At278 K and 348 K. € At 278
Kand 338 K. 9 At278 K and 318 K. 3JHH could not be extracted above 318K at this pD due to strongly coupled system.
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Table 18. The temperature-dependent vicinal coupling constants in §-D-ddC (7) as a function of pD?

B-D-ddC (7)

pD R 3y 323 ya Sy g g R
278 K 358 K278 K 358 K |278 K 358 K [278 K 358 K [278 K 358 K {278 K 358 K [278 K 358 K |278 K 358 K
1.1b 23 30 |69 69|79 83|26 34 |114 104 |79 82 [100 93 |58 62
1.9¢ 23 32|69 69|78 81 |25 35 |11.4 103 |80 82 |10t 92 |57 62
2.8¢ 23 32169 70179 83|25 36 ({113 102 |81 83 |01 92 |58 62
3.2¢ 23 32|70 70|79 83|26 36 [11.2 103 |81 82 {100 92 | 58 6.3
3.6¢ 24 32169 70|78 83|27 37 |i1.3 103 |79 82|98 91|58 62
4.1¢ 26 34|70 70 )80 83|28 37 [1L.0 101 [79 82 |97 90} 58 62
4.5¢ 27 35169 7.0 |80 83 |28 39 [11.0 99 |79 82 {96 91|59 6.1
5.2 29 38170 69|81 84 |31 41 (107 97 |80 83197 87|59 63
57 29 38 7.1 7.0 (182 85|31 41 {106 94 |78 84 |96 89 |59 64
6.6 30 38 |70 69 |80 85 131 41 1107 93 |79 84 |96 89 |59 64
2 In Hz, error + 0.1 Hz for 311,2. and 311-2--, 0.2 Hz for all other 3JHH- Only 3y at the lowest and the highest temperature
are tabulated, whereas they are available at several intermediate temperatures in 5 K or 10 K steps. Note that the complete set of
3T between the two extreme temperatures at each pD have been used in the calculation of thermodynamic quantities through
pseudorotational analyses and van't Hoff plots. Tabulated coupling constants are the result of simulation and iteration procedure
by DAISY program.!6 b At278 K and 338 K. € At 278 K and 348 K.

Table 19. The temperature-dependent vicinal coupling constants in o.-D-ddT (8) as a function of pD?

o-D-ddT (8)

pD 3y 33y Hpy g 3pry 31pr3e LT LT
278 K 358 K[278 K 358 K278 K 358 K[278 K 358 K |278 K 358 K [278 K 358 K |278 K 358 K 1278 K 358 K
6.5b 65 66 |46 48 [87 88 |66 62 |70 71 |84 86 |64 66|71 70
8.5b 65 66 |46 48 [87 89 |66 62 69 71 |84 86 [64 66 |70 7.1
9.0b 65 67 |47 49 |87 88165 63|70 72|85 86 |65 67 {71 70
9.5 65 66 |47 49 {87 88 |66 62169 72|84 86 |65 6771 10
10.0 65 66 |49 50 |86 88 |65 62|71 72183 86 |66 68|71 70
10.5 65 66 |49 5.1 86 88 |64 62|71 73 |84 86167 671170 70
10.8 65 66 |49 51 |86 87|64 62|71 73 (84 85|67 67|70 70
11.7 65 66 |49 51 |86 88 |65 62 |71 73 |84 86 |66 67 171 70
aIn Hz, error + 0.2 Hz. Only 3Ty, at the lowest and the highest temperature are tabulated, whereas they are available at several
intermediate temperatures in 10 K steps. Note that the complete set of 3y yp between the two extreme temperatures at each pD
have been used in the calculation of thermodynamic quantities through pseudorotational analyses and van't Hoff plots. Tabulated
coupling constants are the resuit of simulation and iteration procedure by DAISY program. 16 b At 288 K and 358 K.

Table 20. The temperature-dependent vicinal coupling constants in 3-D-ddT (9) as a function of pD?

B-D-ddT (9)

pD 3y 3y 3y 3y3r Ay 3pu3 g 3y
778K 358 K278 K 358 K|278 K 358 K|[278 K 358 K |278 K 358 K |278 K 358 K278 K 358 K [278 K 358 K

6.8 34 40 |72 72|85 87 34 43 [103 93 |84 86 |94 86 |62 65
7.8 34 40 |72 72185 87 |34 431103 93 |84 86 |94 86 |62 65
8.7 34 41 72 73 |85 87 |35 43 1102 93 |84 86 |93 86 |63 67
9.2 35 41 72 73 85 87 |35 44 (102 93 |84 85192 86 (62 66
9.8 36 42 |72 7.1 85 8.6 36 44 |10l 93 | 83 85 |9l 85 | 62 65
10.3 38 44 |72 7.1 86 88 |39 45 |98 9.1 85 86 |90 84 |63 66

10.9 39 45 {72 72 |85 87 |40 45 |96 89 |83 85|90 85|63 65
11.4 39 45 72 72 |87 87 |40 47 |96 88 |86 85 |89 85162 66
2 In Hz, error + 0.1 Hz for 311@ and 3J1~2v-, 0.2 Hz for all other 3JHH- Only 3y at the lowest and the highest temperature
are tabulated, whereas they are available at several intermediate temperatures in 10 K steps. Note that the complete set of E) -
between the two extreme temperatures at each pD have been used in the calculation of thermodynamic quantities through

pseudorotational analyses and van't Hoff plots. Tabulated coupling constants are the result of simulation and iteration procedure
by DAISY program.!®
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(b) Investigation of the propagation of the error inherent to the experimental 3Jyy in terms of the
thermodynamics of the two-state N 2 S equilibrium. For each set of starting geometries according to (a), we
have generated typically 1000 - 3000 sets of 3Jyy;; with a gaussian distribution (o= 0.1 - 0.2 Hz) around the
experimentally measured values. Each of these sets has been used as input for a PSEUROT calculation. The
combination of (a) and (b) yielded typically 5000 - 20000 calculations for 1 - 11.

(¢c) Van't Hoff type analysis of xy and xg calculared by PSEUROT to derive AH®, AS® of the N2 §
equilibrium. The temperature-dependent xy and xg calculated by PSEUROT have been subsequently used in
5000 - 20000 van't Hoff plots to obtain slopes and intercepts, which have been averaged to calculate the
average enthalpy (AH®) and entropy (AS°) values of the Nz S equilibrium in 1 - 11. The free-energy (AG™) of
the N2 S equilibrium at a certain temperature T can be calculated either by adding AH® and -TAS® or directly
using the formula: AGT = -RT*In,,(xg / (1 - xg)) from the averaged logarithm of the ratio of xg and xN
obtained at T with our PSEUROT analyses29, AG® values reported throughout this paper have been obtained
using the second procedure.
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Our conformational studies are based on the pseudorotational concept3, which describes the conformation
of each sugar pseudorotamer by only two parameters: the phase angle of pseudorotation (P), reflecting
which part of the furanose moiety is mostly puckered, and the puckering amplitude (\¥;) which shows
the extent of the puckering. The hypothesis of a two-state N (North, C2"-exo-C3"-endo, 0° <P <36°) g2 S
(South, C2%endo-C3"exo, 144° <P < 190°) equilibrium in nucleos(t)ides in solution, originally based on
the statistical distribution of X-ray crystal structures?, has been further corroborated by the NMR
observations of the two distinctly identifiable and dynamically interconverting N 2 S conformations (as
evident by their respective chemical shifts and 3Jyy) of the constituent sugar moieties in B 2 Z DNAS or
A2 Z RNA7 or in the A-form 2 B-form lariat RNAS, The validity of the dynamic two-state N 2 S
equilibrium in D,O solution by H-NMR is further evidenced by our original observation!n that the
estimation of its pD-dependent energetics for all §-D-ribo- (3-D-1Ns) and §-D-2'-deoxynucleosides (8-D-
2'-dNs) in D50 solution can indeed be used independently to reproduce the literature values’ of the pK,s
of the constituent nucleobases.
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