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Abstract: By comparative NMR study of 2',3"-dideoxynucleosides (see ref 1) with o¢-D- or u-a '-deoxynucleosides, we

have been able to quantify for the first time the competing medium-dependent influences of the 3'-OH promoted gauche
and the aglycone-configuration dependent anomeric effects that result in the overall drive of the sugar conformation in
Z'-deoxynucleosides. It has been shown that although the pKas of the nucleobases in a- and p- -D-2-deoxynucleosidess
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is not the same, indeed it is finely tuned by the balance between the 3'-gauche and anomeric effect. It has emerged that
the counteracting 3'-OH gauche effect reduces the influence of the pH-dependent anomeric effect, thereby limiting the
conformational flexibility of 3-D-2'-deoxynucleosides with respect to the corresponding B D-2',3'-dideoxynucleosides.
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The evolutionery choice of chirality has been the molecular basis of life. The -D-2'-deoxynucleosides
(B-D-dNs) are the building blocks of natural DNA, whereas the unnatural B-L-DNA is its mirror image,
consisting of B-L-2'-deoxynucleosides (B-L-dNs). The mirror-image relationship of the natural DNA and of the
unnatural §-L-DNA is well known and has been unambiguously demonstrated by the identical X-ray crystal
structures of D-d(CGCGCQG) and of its L counterpart3. It has been shown that the oligomerization of activated
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monomer, and that monomers of opposite handedness inhibit the progress of the oligomerization by acting as
chain terminators due to their incorporation at the 2'(3") end of the oligomer4. The racemization of biomolecules
gives reduced biological activity, which has been attributed to the unfavourable changes in the highly-ordered
structure.

Only a few nucleosides with o-configuration at the anomeric center have been found in natured-7. The
biological activities of a-2'—deoxy-6—thioguanosine (antitumor)8, ai-4'-thio-5-fluorouridine (bacteriostatic)?, 9-
(a-D-arabinofuranosyl)-adenine (cytosta tic)10 and a few C2 derivatives of 2'-dcoxyadenosine (inhibitors of the
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growth of certain organisms'') have been reported. Using simple Dreiding stereomodels, Sequin has been the
first one to postulate!2 that a chain of a-nucleotides could form a double helix featuring the same properties as

the natural DNA helix, i.e. stabilizing intra- or inter-strands interactions through Watson-Crick base-pairing
e-base siacking, both with its complementary a-strand (provided that both chains have an opposite
polarity) and with its complementary B-strand (both chains having the same polarity). More recently, Imbach
et. al. confirmed Sequin's predictions using hyperchromocity and NMR experiments with «-
hexadeoxyribonucleotides!3.

To the best of our knowledge, neither an experimental comparison of the intramolecular stereoelectronic
energetics of 5'2‘dNS as building blocks of Nature vis-a-vis theirimirror-image f3-L-counterparts nor the origin
of the choice of 3-D-dNs as the molecules for the storage of genetic information over a-D-dNs have been
reported hithertofore. In 0.—D dNs and B D dNs, the competing stereoelectroni
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OH induced gauche effect ([03'-C3'-C4'-04"]) drives the two-state N2 S ps

[¢]

udorotational equilibrium. In
order to dissect the relative influences of the anomeric effect and the 3'-OH gauche effect upon the inherent
flexibility of sugar conformation in the natural 2'-deoxynucleosides (dNs), we first chose simpler 2',3'-
dideoxynucleosides (ddNs) as models to investigate the strength of the C1' configuration-dependent pure
anomeric effectl. This work showedl for the first time that the configuration of the C1' aglycone indeed
dictates the conformational flexibilities of B-D-ddNs more effectively than in o-D-ddNs. This has enabled us in

the present work to delineate the compe
on the modulation of the strength of the

and 3 anomers in comparison with their ddN counterparts.
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We herein show that (i) The pK,s of the nucleobases in dNs remain unchanged, within the experimental

accuracy, as the configuration at C1' is inverted from P- io a-, as in the ddN series, suggesting that the
electronic character of the nucleobase is the same in ¢- and B-nucleosides and that 3'-OH has no effect. (ii) The
conformational preferences in 3-D-dA and 3',5'-diOMe-f3-D-dA are the same, which means that 5-OH and the
C1'-aglycone do not interact in B-dNs through intramolecular hydrogen-bond. (iii) While all B-D-ddNs prefer
the N-type pseudorotamers, the sugar moiety in B'QdNS prefer S-type conformers, showing the opposing
influence of the [03'-C3'-C4'-04'] gauche effect and of the anomeric effect. (iv) In the whole 3-D-ddN and B-

D-dN series, the 3'-OH gauche effect, the anomeric effect and the entropy of the system are modulated by the

pD of the medium. The overall influence of the opposing 3'-OH gauche effect in -D-dNs is experimen
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to B-D. D-ddN counterparts. (v) o _P: -dA, 3'-OMe-a-D-dA, and 3',5'-diOMe-

conformational preferences, suggesting that the 3'-OH and the nucleobase are not involved in any
intramolecular H-bonding interaction in oa-D-dNs. This is supported by the fact that the nucleobase
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preferentially adopts anti-type orientation around the glycosidic torsion in all a-D-dNs at any pD. (vi) As in -
D-ddA, the preference for the S-type pseudorotamcrs in 0-D-dA [and its 3'-OMe and 3',5'-diOMe derivatives]

is not modulated by the pD of the solution due to the fact that both the stereoelectronic forces driving its sugar
conformation and the -TAS® term are pD-ins mi!.ive-. (vii) The strength of the anomeric effect is less efficiently
modulated by protonation in &-D-dG than in o-D-ddG, showing the effect of 3'-OH in the former. (viii) The
strength of the stercoelectronic forces (AH“ term) that drive the sugar conformation is much less efficiently
modulated by the pD of the solution in pyrimidine &-D-dNs compared to the corresponding 3-D-dNs, just as in
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pyrimidine o.-D- versus B _Q -ddNs seriesl. (ix) The actual pD-dependent conformational preference of the

entrapic reasons (-TAS® term).

Methodology

The determination of the energetics of the two-state N2 S equilibrium in a- or B-D- and -L-dNs, and
their comparison with the results obtained in our previous study on o-D-ddNs versus B—g—dstl has been

performed using our published procedure?! basing on the pseudorotational analysis and the van't Hoff plots.
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anose moieties in nucleosides are the basis
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of the pseudorotation concept!4a. The conformation of each pseudorotamer can be simply described by the
phase angle of pseudorotation (P) and by the puckering amplitude (¥,,); the former indicates which part of the
furanose ring is mostly puckered, whereas the latter reflects the extent of the puckering 14b:¢. The hypothesis of
the dynamic two-state N2 S pseudorotational equilibrium in solution (Scheme 1 for ddNs, Scheme 2 for
dNs), originally based on the analysis of the statistical distribution of the X-ray crystal structures of
nucleosides!3, has been further corroborated by the NMR observations of the two distinctly identifiable and
dynamically interconverting Nz S conformations as evident by their respective chemical shifts and 3-'}{}{ of
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solution has been further evidenced by us? in that the estimation of its pD-dependent energetics (vide infra) of
N 2 § equilibrium for all 2'-deoxy- and ribonucleosides can be used to reproduce the literature valuesi? of the
pK, of the constituent nucleobases.

(2) Nomenclature for D- and L-Nucleosides.
In D-nucleosides, the standard N (P = 0°) and S (P = 180°) conformations correspond to those in which

the [C1'-C2'-C3'-C4'] torsion angle has a maximal positive and maximal negative value, respectively, whereas
it is the opposite in the L-- :antiomers because of their mirror-image relationship as defined by Hoffman and
Altamn2() Crhama 2
rdlvlia vwLlacuiv 4 ).

(3) Determination of the Thermodynamics of the N 2 S Equilibrium in Nucleosides.

We have shown?2! that the temperature and pD-dependent study of the sensitive two-state N 2 S
equilibrium in D,O solution allows us to take an experimental energy inventory of the forces that control the
sugar conformation in f-D-nucleos(t)ides. We have used this published methodology to assess the
conformational preferences of the sugar moieties in ®-D-dNs 9, 17, 20 and 24, 3'-OMe-o-D-dA 11, 3',5'-
diOMe-a-D-dA 12 o-L-dNs 10, 21 and 25, $-D-dNs 13, 18, 22 and 26, 3'-OMe-f}-D-dA 15, 3',5'-diOMe-f-D-
dA 16, B-L-dNs 14, 19, 23 and 27 in D,0 solution as a function of pD (Scheme 2) as well as ddNs! 1 - 8
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20), 12 for O'.-D-T (24) and 13 for o- and B- E_ -dNs as well as for 11, 12, 15
and 16]. The enthaipy (AH°) and entropy (-TAS®) contributions to the free-energy (AG®) at 298 K of the N2 §
equilibrium are presented at each pD in Tables 3 - 6 for ct-D-dNs. The geometries of the N-type and S-type
pseudorotamers optimized by PSEUROT are given at each pD in Tables 3 and 6 for a-D-dNs or in the
Experimental Section for ai- or B-L-dNs and for 11, 12, 15 and 16.
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D-series

(i)

H N D

(ii)

North (N) a-D-sugar ~ South (S) a-D-sugar
(Cs-endo-Cy-ex0) (Cy-endo-Cy-exo0)

North (N) B-D-sugar  South (S) B-D-sugar
(Cy-endo-Cy-exo) (C,-endo-Cy-exo)

1: a-D-ddA (B = A) 2: B-D-ddA (B=A)
3: o-D-ddG (B =G) 4: B-D-ddG (B =G)
5: o-D-ddC (B =C) 6: B-D-ddC (B =C)
7: 0-D-ddT(B=T) 8: B-D-T(B=T)
A = adenin-9-yl G = guanin-9-yl C =cyiosin-1-yl T = thymin-1-yl

Scheme 1 : The two-state dynamic N===S§ sugar equilibrium in o-D-ddNs (i) and B-D-ddNs
(ii). The effect of the nucleobase (i.e. anomeric + steric) drives the sugar conformation toward
N-sugars in §-D-ddNs and toward S-type sugars in o-D-ddNs

dNs. The sigmoidal curves shown in Figs 1 and 2 have been imed to our experimemal data, using the
Henderson-Hasselbach equation?2, giving the AH” and AG” values in each of the protonated (P), neutral (N) and
deprotonated (D) states of the nucleosides, as well as the pKgs of their nucleobases whenever possible [see
Table 1 for ddNs, Table 2 for dNs]. For a-L-dNs, B-L-dNs, 3'-OMe-o-D-dA, 3',5-diOMe-a-D-dA, 3'-OMe-B-
D-dA and 3',5'-diOMe-B-D-dA, AH’, AS® and AG® have been calculated only at one pD at each of the fully

rotonated, neutral and deprotonated states (See the Experimental Section and Table 2). The data presented in
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D-series
(i)
OR' _OR'
— \__ "\

/A
RO N/ B

[}

OR
South (8S) o-D-sugar
(C3-endo-Cy-exo) (Cy-endo-Cy-exo)
9. a-D-dA(B=A,R=R'=H)
1: 3-OMe-a-D-dA(B=A,R = '=H)
2. 3',5'-diOMe-0-D-dA (B = A,R =R'=Me)
7: a-D-dG(B=G,R=R'=H)

20: ¢-D-dC (B=C,R=R'=H)
24: a-D-T(B=T,R=R'=H)

(iii)
OR' OoR'
B
(\[7_9: ] _ \( /\\/_B
RO :;
OR
North (N) B-D-sugar  South (S) B-D-sugar

(C5-endo-Cy-exo) (C,-endo-Cy-exo0)

13: B-D-dA(B=A,R=R'=H)
15: 3-OMe-B-D-dA (B=A,R=Me,R'=H)
16: 3,5'-diOMe-B-D-dA (B =A,R=R'=Me)

: B-D

. — — L.
2: B-D-dC(B=C,R=R'=H)
6: p-D-T(B=T,R=R'=H)

Y = 1
G = guanin-9-yl

Scheme 2 : The D- and L~ mirror image relationship for the two-state dynamic N === S sugar
equilibrium in a-D-dNs (i) , a-L-dNs (ii), B-D-dNs (iii) and B-L-dNs (iv). In L-nucleosides,
the N sugar is redifined as being the form with maximal negative value for the endocyclic torsion
[C 1-C2'-C3-C41%. Note that in a-D-dNs (i) and a-L-dNs (ii), the aglycone B becomes more
pseudoaxial as the anomeric effect becomes stronger in the S-type conformation, whereas in

B-D-dNs (iii) and B-L-dNs (iv), this is achieved in the N-type conformation. Hence, the sign for

South (8) a-L-sugar
(Cy-endo-Cy-exo0)

10: o-L-dA(B=A)

21: a-L-dC(B=C)
25: o-L-TB=T)
(iv)
HQ HO
B LU 4
B A
» \ _/_\.‘\/>
/ OH
HO

South (S) B-L-sugar

(Cy-endo-Cy-exv) (Cy-exo0-Cy-endo)

14: B-L-dA (B = A)
19: B-L-dG (B =G)
23: B-L-dC (B =C)
27: BL-T(B=T)

the energetic drive of the anomeric effect in a-nucleosides is opposite to that of B-counterparts.

North (N) B-L-sugar
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Compound N S equilibrium when N 2 S equilibrium when N 2 S equilibrium when
the nucleobase is fully the nucleobase the nucleobase is fully
protonated b is neutral deprotonated b
AHp |-TASp| AGp AHy | -TASK| AGn AHp | -TASp | AGp
o-D-dA (9) 50042103 [280.D - 5004 2103 280D - . - -
o-L-dA (10) 5500927092803 - 16005 [3206[2904] - - - -
3-OMe-0-D-dA (11) |.58(1.5)|08(1.5]490.3)| - 6408 |190n]450.3)] - - . -
3',5'-diOMe-0-D-dA (12)| 5.3 (1.3) | 0.8 (1.2)[-4.7 0.3) | - }5.8(08) | 1.6 0.7 |-4103)] - . . .
B-D-dA (13) 07010 }040D}1.101]|35F3902|1.80.D]-210.1)] - - - -
B-L-dA (19) -12(0.6)| 0.1 (06)[-1.1 .| - }39(03)|1.804{2202)] - - - -
3-OMe-B-D-dA (19 |.14(0.6)|-07 0612202 - H604 1404 ]3202] - - - -
3,5-0i0Me-f D-dA (16)} 10 (0.6) [-0.7 0.6 |-1.7 0. - }3.6(04) | 1504|2102 - - - -
a-D-dG (17) 10.7 2.0)] 6.4 2.0)|-4.4 (0.3)| 2.6 |-4.5©0.5) | 27 05 }-19©0.1)] - |-3.40.5)] 1.4(0.5)|-1.9 ©.1)
B-D-dG (18) 21002200101 0D1231280211.10]-1.70.0]9.5 149022202 ]-270.1)
B-L-dG (19) 1.3(08) |-1.6 0.8)]-03 0. | - }2.7(03)] 0.9 ©0.4)|-1.8 (0.2) 4304)]1.7(04) |-26(0.2)
a-D-dC (20 7.1(0.3)]2.50.8)]430.2) [ 4.1 }7.1(0.3) [4.00.5)-3.1002] - - - -
a-L-aC (21) 21306 [3.00.6)[-42 02 ] - [7.2(0.5) | 4.1(0.6)]-3.1 0.2
f-D-dC (22) 0.0 (0.1) }-0.8 0.1D|-08 (0.1 | 4.2 0.7 (0. |05 ©.D]-13 .| - - - .
B-L-dC (23) 0203 -0603)080.1)] - 0703 |-0503}-120.1D] - - - -
a-D-T (24) - . - - o2y 1200512102198 140022704 1-1.10.1)
o-L-T (25) - - - - }4204|21059}-2102)] - |-3402]2504) |-1.00.1)
R_ILT (IR s ammlas el «asmanlbnm anmealaasmanl o £
Al - - - - Fi4{02) 010D F130.1) 9.7 F190.2)0.3{0.2) -1.6(0.1)
B-L-T27 - - - -h2anjoeoaof12a.5| - 1-230.7D]0.60.6) |-1.7 (0.9
THFA (28) - - - - l04©3) {030310108] - - - -
THFA-OH (29) . - - - H4103)[1.503)-26 04 - - - .
3'-OMe-THFA (30) - - . - H604) [1203)|34059] - - - -
3',5'-diOMe-THFA (31) - - - | - M2049]0903]-330.5] - - -
& AI’, -TAS® (at 298 K) and AG" (at 298 K) are in kJmol-!. Their standard deviations (c) are indicated in parentheses. The N, 'P'
and D' subscripts denote the neutral, the protonated state and the deprotonated states, respectively AH®, -TAS® and AG” are taken

states have been assumed identical and calculated by averaging the individual corresponding values from pD 1.6 to pD 6.5 (see

- = - P - - e — s . - . . sz o AWy al\o 2 Af\o
Tables 2 and 3 and Fig 2), as they are nearly pD-independent, For a-D-dG, the plateaus in the P, N and D states for AH’, AS” and AG

values have been obtained by MonteCarlo fit of the experimental pD-dependent AH®, AG® and AS° values (see Tables 2 and 4 and Fig
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2). AH' in the P and N states of a-D-dC have been assumed identical and calculated by averaging the individual data from pD 2.0 w0
pD 7.1 as AH" values are nearly pD-independent, whereas the plateaus in the P and N states for -TAS® and AG’ values have been

obtained by MonteCarlo fit of the experimental pD-dependent -TAS® and AG” values (see Tables 2 and 5 and Fig 2). AH" in the N and
D states of o-D-T have been assumed identical and calculated by averaging the individual data from pD 600 pD 11 6 as AH® val

s O 27 AL RaGIVIGLaG: M3 AV pas VLU U pas 11U &S B4 vau

52

are ncarly pu—moepenaen[, whereas the pxalcaus in the N and D states for - lAb and AU vaiues have been obtained Dy MonteCario

,,,,,,

fit of the experimenial pD-dependent -TAS® and AG” vaiues (Tables 2 and 6 and Fig 2). For ai /B-L-dNs, and for compounds 11, 12,
15 and 16, 1H-NMR spectra have been recorded only at two (or three) pDs at which their nucleobases are in the neutral and fully
protonated (and/or deprotonated) forms (see experimental section for details). € The pK, values of the constituent nucleobases
reported here have been calculated through plots of experimental AG® of N2 S pseudorotational equilibria as a function of pH and

from the Hill plots of pH as a function of l0g(AAG’ 1o - AAG®/ AAG®) (not shown). AAG’ o is a total change in AG® values between
the N and the D/P states, whereas AAG® is the change in AG® value at a given pH relative to the reference N state. The pK, values

were also independently determined from Hill plots based on the change in 'H-NMR chemical shifts of aromatic and anomeric
protons in a-D-dNs as a function of pH: For a-D-dA [pK, = 3.6, 3.5 and 3.6 from 8(H8) (Panel (A) in Fig 3), 8(H2) and 8(H1')

respectively]; For 3',5-diOMe-a -D-dA [pKa = 3.8 and 3.7 from S(HB) (Panel (B) in Fig 3) and 8(H1"), respectively]; For 3',5'-diOMe-

AT AA [/ 2 Frree: RITON Mnnnl (TN d T 2\ and SOATIN Tac ae TY AN T _ 3L nd DA O SATON My 7N I T A aod
pP-L-0A |PpRg = 5. S from &(H8) (Panel (F) in Fig 3) and Olri1); ror Qi-13-00 [PRg = 2.0 and £.4 10m O(no) (ranct (L) in rig 5) anc
S(H1", respectively in the acidic range and pK, = m S(HE) (Panei (C) in Fig 3) in the alkaline range]; For a-D-dC [pK, = 4.1

and 4.2 from 8(H6) (Panel (D) in Fig 3) and 8(H5), respectively]; For a-g—T [pKa = 9.9 and 9.7 from §(H6) (Panel (E) in Fig 3) and
(Cs5-Me), respectively].

OH OH OMe
N N K O
H

OH OMe OMe
28 (THFA) 29 (THFA-OH) 30 (3-OMe-THFA)

Scheme 3 : The abasic sugars 28 - 31

Table 1 have been taken from ref. 21a for 28 and 29. AH’, AS® and AG® values in the protonated, neutral
anddeprotonaled states for 1 - 31 are all shown here as P, N and D subscripts throughout the paper. Note that
the positive or negative AH’, AS® and AG" values refer to the drive of the N2 S equilibrium toward N- or S-
type pseudorotamers, respectively.

Tha antinha affant .-.f

3 foxiN akialLiNaV U
) i1 guu»uc Crielt 01 [ VO ~-L
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both effects act cooperatively to drive the sugar conformation in o-D-dNs.

Our pD-dependent thermodynamic analysis of the Nz S equilibrium of interrelated analogs including
1,2,3-trideoxy-, 1,2-dideoxy- and 1-deoxypentofuranose, f-D-ddNs, B-D-dNs, B-D-ribonucleosides and their
3'-phosphomonoesters and diesters has uniquely shown?! that the conformation of the sugar moiety in B-D-

nucleosides is energetically controlled by various stereoelectronic gauche and anomeric effects: (a) the
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Fig 1 : The plots of experimental AH[Panels (A), (C), (E) and (G)] and AG’ values [Panels (B), (D), (F) and (I)] forthe N2 §
pseudorotational equilibrium of a—D—dst 1, 3,5 and 7 and $-D-ddNs 2, 4, 6 and 8. The sigmoidal curves have been fitied to our

exnerimental data using a MonteCarlo procedure (see the legend of Table 1, the text and ref, 1 for details). (A )AH values (at 6
PR LUV VAl USilip @ AVAULICLGLY PIULVRLET (oW WIS SUp VRt B ’ ’ =7
pDs in the range 1.5 - 6.8) are pD-independens for a-D-ddA (1) whereas they show a sigmoidal depen ndence on pD for its B-



C. Thibaudeau et al. / Tetrahedron 54 (1998) 18671900 1877

Y AIA 1) whacane thay chaw a siomaidal damandanna an o) fae ite R_animtacmnet BTV AAA () (ot Q nNe in tha ranosa 1 £ ¢4 £ T
UL/ UUMN 1) WKL m ‘m’ MW l Dl UG meb v PU nnaaw P CUULI pPpal b P A77UUMN \&) (AL 7 A3 M UG JAllE 2. WU, 7).
I7a \AI' P23 . N S 1 o 3 TN B ALY LA £ 1€ WL I Ll
v)ya values both for a‘l)‘aﬂU {3) (a[ lU pl)S in the range 2.2 -11. 5) and for its P'munlcmdr[ P U—ﬂ Ly (@) (4l 1D plJs 1 Ue

range 1.9 to 11.6) show a sigmoidal dependence on pD. (D) AG?88 values both for a-D-ddG (3) (at 10 pDs in the range 2.2 - 11.8)
and for its B-counterpart B-D-ddG (4) (at 15 pDs in the range 1.9 1o 11.6) show a sigmoidal dependence on pD. (E) AH’ values for o-
D-ddC (5) (at 5 pDs in the range 1.5 - 6.4) are pD-independent, whercas they show a sigmoidal dependence on pD for its B-
counterpart B-D-ddC (6) (at 10 pDs in the range 1.1 - 6.6). (F) AG?%3 values for a-D-ddC (5) (at 5 pDs in the range 1.5 - 6.4) are
pD-independent, whereas they are pD-dependent for its B-counterpart B-D-ddC (6) (at 10 pDs in the range 1.1 - 6.6). (G) AH" values
both for for a-D-ddT (7) (at 8 pDs in the range 6.5 - 11.7) and for its B-counterpart B-D-ddT (8) (at 8 pDs in the range 6.8 - 11.4) are
pD-dependent. (H) AG?%8 values both for o-D-ddT (7) (at 8 pDs in the range 6.5 - 1‘1:7) and for its B-counterpart B-D-ddT (8) (at 8

U ud 1l aadi

pDs in the range 6.8 - 11.4) are pD-dependent .

I\l'll\

anomeric effect?1,23-25 of the nucleobase drives the N2 $ equilibrium toward N-type conformations giving a
pseudoaxial orientation of the aglycone, which is opposed by its counteracting steric bulk favouring its
pseudoequatorial orientation. (b) The gauche effects21:26 of [03'-C3'-C4'-04'] and [02'-C2'-C1'-N(base)]
fragments counteract the anomeric effect by pushing the N 2 S equilibrium toward S-type pseudorotamers. (¢)
The gauche effect of [02'-C2'-C1'-O4'] fragment drives the N2 S equilibrium toward N-type conformations,

whereas (d) the gauche effect of [05'-C5'-C4'-04'] fragment is minimal either in pseudoequatorial (in N-type)

(= . T TTTTTYTT OEETETE s T e TETRRAT T T T
or in nsendoaxial orientation {in S-tvne cucar conformations)
NFA Arr yuvuuvmlw WEAWERVEAVAN/ AL (KA W FJ yv U“bw Vvlllvllllu“vllu/
Tha ctramathe AF thaca otaranalantenmin affante 1 nuinlanof/t\idac Anm ha actimatad hay almerion Anmamnrionn
1€ Suenguis O uiese SICreOC1eCUONC C1IeCiS il UCICOS\{1GES Cail 0 CSUMAatcad o0y pairwise COMmparison

of thermodynamics of the N S equilibrium2! in nucleosides that differ only by one substituent or by an
inversion of the configuration at one particular center. These pairwise comparisons give us an enormous scope

to predict and engineer a certain conformational preference in nucleosides and nucleotides simply by changing
the nature of the substituent at C1', C2' and C3' and their configuration in the constituent sugar unit?!, in
general. At any pD, the conformation of the sugar moiety in all dNs and ddNs is mainly driven by AH®
contribution to AG® of the Ng2 S pseudorotational equilibrium, which clearly prevails over the weaker -TAS’
term (see Tables 1 and 2 for the thermodynamics of the N2 S equilibrium in ddNs and dNs, respectively, in

the P, N and D states, Tables 3 - 6 for the AH” values at each pD for dNs and ref. 1 for ddNs).
In R T)-ddNQ 2,4,6 and 8 and (Y-T) ddNs 1, 3, 5 and 7, the effect of the nucleobase (i.e. anomeric e

Al O gl WLTLATAL 25 &5 &7 S0 CLIUAL UL N0 DILALICRVAL0 4. ARRAAAA AR A AL

AT Sorenn smmmcr A mdncen raen smmnemaadtserales

o entaly recnnncihlal Cae b o o Oo o o sigar moiety for 5
is solely responsible® for the preference of the sugar moiety for N- and S-type pseudorotamers, respectively. In

ﬂ:

N P

Q
dNs, the gauche effect of [03'-C3'-C4'-04"] fragment counteracts and overrides the effect of the nucicobase in
the [B-series, which results in the preferential S-type puckering of the constituent sugar moiety, as
experimentally evidenced by the negative AH" values for the N 2 S equilibrium in 13, 18, 22 and 26 (Table 2).
On the other hand, in a-D-dNs, both the effect of the nucleobase and the effect of [03'-C3'-C4'-04']
fragment cooperate to drive the pentofuranose conformation toward S-type sugars, which is reflected in the
negative AH’ values determined for 9, 17, 20 and 24 (Table 2).
As expected, owing to the cooperative (or opposing) anomeric and 3'-gauche effects in a-D/L-dNs (B-

/L-dNs), AH® term is much more efficient to drive the sugar moiety in &-D- and o-L-dNs toward S- type

L7 d . o1 5 a

0
dNs than in the § counterparts from 278 to 358K, except in the neutral and deprotonated o-D-dG (17).
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Fig 2 : The plots of experimental AH’ [Panels (A), (C), (E) and (G)] and AG" values [Panels (B), (D), (F) and (H)] for the N2 §
pseudorotational equilibrium of a-D-dNs 9, 17, 20 and 24 and B-_Q-st 13, 18, 22 and 26. The sigmoidal curves have been fitted to

ur experimental data using a MonteCarlo procedure (see the legend of Table 2 and the tex). (A) AHvalues (at 12 pDs in the range
6 - 6.5, Table 9) are pD-independent for a-D-dA (9) whereas they show a sigmoidal dependence on pD for its B-counterpart B-D-

dA (13) (at 11 pDs in the range 1.5 to 6.1, see ref. 2). (B) AG298 values (at 12 pDs in the range 1.6 - 6.5, Table 9) are pD-
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independent for a-D-dA (9) whereas they show a sigmoidal dependence on pD for its B-counterpant 8-D-dA (13) {at 11 pDs in the
L ]
range 1.5 10 6.1, see ref. 2). (C) AH' values both for &-D-dG (17) (at 14 pDs in the range 1.0 - 11.6, Table 10) and for its B-

counterpart B-D-dG (18) (at 22 pDs in the range 1.0 to 11.4, see ref. 2) show a sigmoidal dependence on pD. (D) AG298 values both
for 0-D-dG (17) (at 14 pDs in the range 1.0 - 11.6, Table 10) and for its B-counterpart P-D-dG (18) (at 22 pDs in the range 1.0 to
11.4, see ref. 2) show a sigmoidal dependence on pD. (E) AH° values for a-D-dC (20) (at 11 pDs in the range 2.0 - 7.0, Table 11)
are pD-independent, whereas they show a sigmoidal dependence on pD for its B-counterpart B-D-dC (22) (at 14 pDs in the range 1.3 -
6.4, see ref. 2). (F) AG298 values both for @-D-dC (20) (at 11 pDs in the range 2.0 - 7.0, Table 11) and for its B-counterpart B-D-dC
(22) (at 14 pDs in the range 1.3 - 6.4, see ref. 2) show a sigmoidal dependence on pD. (G) AH’ values for o-D-T (24) (at 11 p—I;s in
the range 6.0 - 11.6, Table 12) are pD-independent, whereas they show a sigmoidal dependence on pD for its B-counterpart B-D-T
(26) (at 9 pDs in the range 7.5 - 11.9, see ref. 2). (H) AG298 values both for o-D-T (24) (at 11 pDs in the range 6.0 - 11.6, Table 12)

and for its B-counterpart rB -D-T (26) (at 9 pDs in the range 7.5 - 11.9

an raf ”
;25 2R -y 7 pars A -y
=

<
3 OVA Vi,

'EE-

nw a ciogmnidal denandoncs an
OW a 5igMmOoiGa: GEpEnaGence on

pD
(2) The pD-dependent modulation of the anomeric effect is more reduced in - -D-dNs than 3-D-ddNs as a
result of the competing stereoelectronic gauche effect of 3'-OH in the former.
(A) The 5'-OH and the nucleobase do not interact to drive the sugar conformation in -D-dNs.

Table 2 shows that the pD-dependent conformation of the sugar moiety is nearly the same in B-D-dA (13)
and 3',5'-diOMe-B-D-dA (16), which rules out any hydrogen-bonding interaction between 5'-OH and the C1*-
aglycone in B-D-dNs.

In order to investigate the conformation of the constituent nucleobases around the glycosidic torsion in
r . Na A ffa wrnnaritvaanta 2 rhialh atthan tha Annmeatia menbae A6
dNs, we have performed a series of 1D 1H nQe difference experiments in wanicn €itner i€ aromatic proion of

the nucleobase or the anomeric proton have been preirradiated for all o/B-D-dN pairs at one pD in each of their

-

protonated, neutral and/or deprotonated states. Using the method developed by Rosemeyer et al4/, the nOe
enhancements experimentally obtained have been further translated into the relative populations of syn versus
anti rotamers around the glycosidic torsion (Table 7). Our nOe difference experiments clearly show the
predominant anti-type orientation of the nucleobase around the glycosidic torsion for all 13-_2—st, preventing

any interaction between N3 and 5'-OH proton in purines, between O2 and 5'-OH in pyrimidines.

(B) The gauche effect of 3'-OH in [-D-dNs restricts the conformational flexibility of the sugar in comparison
with the B—D-ddN s counterparts.

A -1 0L o RS PR, S PS I U A [« P [P — 120 — inm antdin nanten
A prus OlI UIC INermodyndmics Oi e two-Stdtc Ng&Z O prUUUI'U[.dUUﬂ qu1uor1um 11 4C141C, NECULT.
aiid alkaline pDs £ ddNs [Ta for 2, 4, 6 and 8; Fig 1 for the sigmoidal profiles of the thermodynamic

1 :
13, 18, 22 and 26; Fig 2 for the sigmoidal plots as a function of pD]

shows that the modulation of AH® contribution to the free-energy AG® of the equilibrium is much reduced upon
protonation and / or deprotonation of the nucleobase in the dN series than in the ddN series [For dNs: AAH®p.
N) = 3.2 KJmol! for B-D-dA, 3.2 kJmol-1 for 3-OMe-B-D-dA, 2.6 kJmol! for 3',5'-diOMe-B-D-dA, 4.9 kJmol-
1 for B-D-dG and 0.7 kJmol- for B-D-dC; AAH (. = -2.1 kJmol-! for B-D-dG and -0.5 kJmol-1 for BD-T;
For ddNs: AAH®p ) = 5.7 kImol-! for B-D-ddA, 20.2 kJmol-! for B-D-ddG and 3.0 kJmol-! for B-D-ddC;
AAH gy = -2.0 kImol-! for B -D-ddG and -1.9 kImol- -1 for B -D-ddT]. On the other hand, it can be also see

D VW L2 e Ty - T T

that the entropy of the system is efficiently modulated by the pD of the solution, both in the dN and ddN series.

quantities] and 3-D- Ns [Table 2 fo

Pal AT ™ 1 IAT

(C) The strength of the anomeric effect and its modulation are weaker in B-D-dNs than [B-D-ddNs counterparts.
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different efficienc
N ™ JINT. o 3 T INT. o~ L L..® 3 .1 1 . . 1. i ~
p-D-ddNs and p-D-dNs can be obtained through pairwise subiractions of
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their AH® values from the AH" value for the corresponding abasic sugar 28 (in the case of a ddN), 29 (in the
case of a dN), 30 (in the case of 3'-OMe-B-D-dA) or 31 (in the case of 3'.,5'-OMe-B-D-dA).
In each of the protonated, neutral and deprotonated states of 3-D-ddNs and B-D-dNs, the strength of the
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Fig 3. pH-dependent chemical shift of the aromatic protons of the nucleobases in &-D-dNs (9), (17), (26) and (24), in 3',5'-diOMe-
a-D-dA (i2) and in 3',5-diOMe--D-dA (i6) (see ref. 2 for the B-D-dNs counterparts). {A) The sigmoidai dependence of the H8

chemical shift for a-D-dA (9) (at 12 pDs in the range 1.6 - 6.5) giving the pK, of adenin-9-yl (3.6 + 0.1). Similar plots (not shown)
for H2 and H1' gave the same result. (B) The sigmoidal dependence of the H8 chemical shift for 3',5-diOMe-0-D-dA (12) (at 9 pDs
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in the range 1.5 - 7.0) giving the pK, of adenin-9-yl (3.8 1 0.1). A similar plot (not shown) for H1' gave the same result. (C) The
sigmoidal dependence of the H8 chemical shift for a-D-dG (17) (at 14 pDs in the range 1.0 - 11.6) giving the pK s of guanin-9-yl

(2.6 £ 0.1 in the acidic pD range and 9.5 0.1 in the alkaline pD range). A similar plot for H1' (not shown) in the acidic pD range

gave the came regylt {N) The c:nmnudn‘ denandonson nf th

a 1TE srhaminal chift for & TV AN 90N (ot 11 Do in tha esanaa I N '7‘\
SOVV WL Saliiv resuit. \AF ] AU SipuiviGal u\.p\.;uu\. WY B 4w A W Lacid

rical shift for a-D-dC (20) (at 11 pDs in the range 2.0 - 7.1)
giving the pK, of cytosin-1-yi (4.1 +0.1). A similar plot for H5 (not shown) gave the same result. (E) The sigmoidal dependence of
the H6 chemical shift for a-D-T (24) (at 11 pDs in the range 6.0 - 11.6) giving the pKa of thymin-1-y1 (9.9 + 0.1). A similar plot for
C5-Me protons (not shown) gave the same result. (F) The sigmoidal dependence of the H8 chemical shift for 3',5'-diOMe-B-D-dA
(16) (at 8 pDs in the range 1.5 - 7.0) giving the pK, of adenin-9-yl (3.5 £ 0.1). A similar plot (not shown) for H1' gave the same

result.

. ° . .
anomeric effect, AH(sg) , can be calculated using Eqs 1 and 2, respectively:

AH(AE)( -D-dN, P, N or D state) = AH® (p -D-dN, 3'-OMe-3-D. -D-dN or 3',5'-diOMe- B-D -D-dN, Table 2)
- AH" (29 in case of B-D-dN, 30 in case of 3'-OMe-B-D-dN or 31 in
the case of 3',5-diOMe-B-D-dN) ... Eq2

The comparison of AH(AoE) (B-D-ddN) and AH AOE) (B-D-dN) values in Table 8 leads us to the following
conclusions: (i) The strength of the effect of the nucleobase is weakened by a factor of 2 - 4 in .B-D-st in

AQ 1t Avianianaas ant PRTYET ) S

[ 4%
influence of 3'-OH moiety in dN series. (ii) The modulation of the strength of the effect of the nucleobase is
considerably reduced in the dN series compared to the ddNs counterparts, which again shows the influence of
the gauche effect of [03'-C3'-C4'-04"] in dNs.

(3) The nucleobase- and 3'-OH-dependent modulation of the sugar conformation in a-D-dNs operates

either through tunable sterecelectronic forces and/or tunable entropy of the system

(A) The preferential anti orientation of the nucleobase around the glycosidic torsion in o-D-dNs prevents the
interaction of 3'-OH proton with the nucleobase.

The estimates of the syn / anti ratios of conformers around the glycosidic torsion at one pD in each of the
protonated, neutral and/or deprotonated states, for o-D-dNs 9, 11, 12, 17, 20 24, as obtained using

Rosemeyer's method27 basing on the results of 1D 1H nOe difference experiments [see section (2)A] are

~Anllantad im Takla a Antn i Tahla 7 vavua a MNAwvrinao

VULICLICU AL Lt avlce 4110 Udala 11 1auly 7 1iovoal UIU 1ULIUWILIED.
{(3Y Th radnminanca nf Ans ratamare fae all v TY_ANe favrant rv . TI_ACY in allralina enhitinn) nravente tha
i1 UULLILIIALIVG UL WALLE 1 ULALLIVID 1UL All WWTIL/77ULYD \L;A\/\/Pt WATALZTUN 1 daiddallliv oviuduwviy) PlUV\Jllw i

nucleobase. In ﬁ—zD—st, as shown before, the nucleobase still predominantly adopts anti-type orientations, but
this preference is reduced in comparison to the o-counterparts, and is further reduced at neutral pD compared to
acidic pD.

(ii) The steric hindrance generated by 3'-OMe group in 3'-OMe-a-D-dA and 3',5'-diOMe-0.-D-dA in
comparison to 3'-OH in a-D-dA results in an increased preference of thc;uclcobase for anti-type rotamers
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(iii) Noteworthy is the fact that in the case of ddNs!, our results did not reveal any significant difference
in the syn/anti ratios of rotamers around the glycosidic torsion for each of the a- versus B-D-ddN pairs, so that

the relative intrinsic rigidity of the pentofuranose moiety in a- compared to B-D-ddNs could be specifically
attributed to the inefficient transmission of the anomeric effect [n(O4")—c*cy'.N orbital overlap] in the former
compared to the latter.

(B) The effect of 3'-OH on the flexibility of the sugar conformation in a-D-dNs is nucleobase-dependent
We have presented in the eqs 1 and 2 [Section (2)C] ap to

Y g b Nt i

the nucleobase in 3-D-ddNs [AH(AE)(IS -ddN) ] and -D-dNs [AHAE)(B-dN) 1. Eqgs 3 and 4, derived in a
similar manner, enable the estimation of the strength of the effect of the nucleobase in a-D-ddNs and in a-D-

J=
E L]
?
IS

ddN in P, N or D state) =AH’ (a-D-ddA, o-D-ddG, o-D-ddC or 0-D-ddT, Table 1)
-AH’ (28, Tablel) ... Eq3

AH(sp) (@-D-dN,P,NorDstate) = AH" (a-D-dN, 3-OMe-a-D-dN or 3',5"diOMe-o-D-dN,
Table 2) - AH” (29 in case of a-D-dN, 30 in the case of 3'-OMe-a-D-
dN or 31 in the case of 3',5'-diOMe-0-D-dN) ........ Eq 4
From the thermodynamic data presented in Table 1 for a-D-ddNs, Table 2 for o-D-dNs and Table 8 for
the estimates of the effect of the nucleobase both in ddNs and dNs, following conclusions may be drawn.
(1) In the case of a-D-dA, its 3-OMe and 3',5'-diOMe derivatives, both AH® and -TAS® contributions to
AG® of the pseudorotational equilibrium remain unchanged (in comparison with the neutral state) as adenin-9-
yl becomes protonated [AAH p_y = 0.0 kJmol-l and A(-TAS®)p_ny = 0.0 kImol-! for a-D-dA, AAH .y =
0.6 KJmol-! and A(-TAS°)p.xn) = -1.1 kJmol'! for 3'-OMe-a-D-dA and AAH(p_y) = 0.5 kJmol-! and A(-
TAS®)p.N) = -0.8 kJmol-! for 3',5'-diOMe-0.-D-dA]. This suggests that the strength of the stereoelectronic
forces [i.e. the effect of the nucleobase and the gauche effect of (03'-C3'-C4'-04") fragment] that drive th

sugar conformation in 0-D-dA and its 3'-OMe and 3',5'-diOMe derivatives is pD-insensitive, as found e 11 er
for o-D-ddAl (Table 8). The fact that -TAS® of the pseudorotational equilibrium in a-D-dA is also pD-
- —~ — — o a— L . 1 TY . . Lo A dw r S 8 IS 08

induce any steric hindrance.

(i) On the other hand, as guanin-9-yl becomes protonated or deprotonated in o.-D-dG, both AH® and
-TAS® contributions to AG" of the N2 S equilibrium change with respect to the neutral pD, as found
previously for a-D-ddGl. The pD-dependent modulation of AH" of 0-D-dG [AAH®p.Nn) = -6.2 kJmol-! and
AAH (p.Ny = 1.1 kJmol-1] is attributed to the resulting enhancement (upon protonation) or weakening (upon

deprotonation) in the strength of the effect of the nucleobase (see Table 8). However, upon protonation of
guanin-9-yl, it can be seen from Table 8 that the induced strengthening of the effect of the nucleobase is
reduced by a factor of = 1.5 in a-D-dG in comparison with a-D-ddG, showing the counteracting effect of 3'-

OH in the former. The pD-dependent modulation of -TAS® of the pseudorotational equilibrium in &-D-dG [A(-
TAS®)p.ny = 3.7 kImoi-! and A(-TAS®)p.n) = -1.3 kimoi-!] as a resuit of the change of the electronic character
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(iii) The AH® of the N 2 S equ 11ibrium in @-D-dC and a-D-T is not affected by pD [AAH p.N) = 0.0
kimol! for o-D-dC, AAH p.N) = OummwwmaﬂlbwmmﬂnhmmmeMWMWUmpUﬂLud
B-;L}I (as found earlier for a-D-ddC and a-D-ddT in comparison with B-D-ddC and B-g—ddT)l. This means
that the effect of the nucleobase is not tuned by the change of pD in pyrimidine a-nucleosides, both in the dN
and ddN series. However, the actual conformational preference (reflected in AG® value) of the sugar moiety in
a-D-dC upon protonation or o-D-T upon deprotonation is clearly shifted toward N-type owiné to the bD-

dependent entropy change [A(-TAS)p_n) = AG°(p.Ny = 1.5 kImol'! for a-D-dC; A(-TAS®) Ny = AG°p.N) =

\as=aNy \LS=AN)

Anmframantinm sanenino thn onmana at a1l aTNA Aesrio s 4 b Fane ilins MAQS oo S o0 Ty S i 1. TL.. T
CUliLULIIIatiuil xcxu‘uub UIT O 1C dl dll PL/> UWlUg LU UIC 1dll uldlL =140 LU 1S dISO pU'lllUCpb 1UCIIL. 1NC pU'
Aanandant flavihilityry Af tha cnngnr canfasmntiam A8 A Y WY fd A TY T thnanfran chinia tha affaae A0 T
UL pLliuciit HICALULIILY UL WIC dupal Lulllvliiauvlr vl U.-;’U\, a@ild u,'é'l. LICICIUL SIIUWD LIIC ClICLL Ul pU'
dependent steric interaction of the constituent 3'-OH and a-configured nucieobases
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Fig 4 : The correlation plots of 'II aromatic chemical shifts with AG® of the N2 S equilibrium in o-D-dNs 9, 17, 20 and 24. (A)
The plot of the pD-dependent H8 chemical shift (298 K) as a function of pD-dependent AG** for the Nz S equilibrium of a-D-dA
(9) giving a straight line that shows the inefficiency of the transmission of protonation/neutral equilibrium to drive the
pseudorotational equilibrium (AG"). The intercept of the line with the AG” axis corresponds to the average AG’ at any pD (see Table
2). (B) The correlation plot of the pD-dependent H8 chemical shift at 298 K as a function of pD-dependent AG*for the Nz §
equilibrium of o.-Q-dG (17) showing a straight line, with a correlation coefficient of 0.986, a slope of -0.43 (o = 002) and an

intercept of 7.11 (¢ = 0.06). (C) The correlation plot of the pD-dependent 18 chemical shift (298 K) as a function of pD-dependent

L VAU
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0.02) and an intercept of 7.18 (o = 0.07). (D) The correlation plots of the pD-dependent H8 chemical shift (208 K) as a function of
pD-dependent AG298 forthe N2 S equilibrium of a-D-T (24) showing a straight line with a correlation coefficient of 0.994, a slope

of -0.14 (o = 0.05) and an intercept of 7.39 (¢ =10.09).

(4) The comparison of the flexibility of the sugar conformation in a-g—st versus ﬁQ'dNS-
(A) The AH" of the stereoelectronic forces in a-D-dNs are not efficiently modulated by the medium (i.e. pD) as

compared to the B-D-counterparts

Wn ave chnwn Carntinn 7AYRT that tha ofrnank nf tha offant Af tha nninlanhaca 1¢ naarly nn;;nr'annnr‘onf
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for a-D-dA, a-D-dC, a-D-T, whereas protonation and/or deprotonation of the nucleobase clearly shifts the bias
Aftha NT 3 € Aanatlilhetssen $Axrsa wd N o rivm mand © dusinn arianvn wmomantial e b S TN b Ty Qo
Ul UIC IN 2 O Cquxuuuuxu tUWdlU iN- ypc dAllld O-Lype sugdals, ILSPULLVULY, L1 LICLL P-1L7-COUNICIPAILS [SUC O Liull

(2)B, O)]. This means that stereoelectronic forces (i.e. AH" term) are less efficiently transmitted to tune the
sugar conformation in o-D-dNs than in 3-D-dNs (except in the case of 0.-D-dG versus B-D-dG, where the
extent of the pD-modulation is comparable). This is also consistent with what has already been observed in the
case of a-D-ddNs with respect to their 3-D-ddNs counterparts!: (i) The sugar moieties in o-D-ddA and o-D-
ddC show the same conformational preferences at any pD. (ii) The deprotonation of guanin-9-yl in a-D-ddG
and of thymin-1-yl in a-D-ddT does not yield any change of the conformation of the sugar moieties in

(

comnarison to nentral nD (iii) On the other hand AH® of the neendarotational eauilihrinum ic clearlv affectad
V\Illlkl“llu\lll LAV AR A AT 2RSS tlu' \244 ) NJia valw Wiiwi RilAiiNG,y AAA A WA Wiiw ya\/uu\llumu\}llm UHULJJUAAUA FN) \llvm‘] Hilww i g
bv the nD of the medin or all RB-D-ddN ic showge that the oeometrical reaniremente nececcarv for the
by the pl) of the meduum Ior all P-D-ddiN 1s shows that the geometrical requireme ecessary Ior the

(B) The overall flexibility (AG°) of the sugar conformation in a-g-st is nucleobase-dependent because of the
entropy penalty.

The data presented in Table 2 can be summarized as follows: (i) The change of the actual conformational
preference (AG® term) of the sugar moiety in a-D-dC from the neutral to the protonated state and in a-D-T
from the neutral to the deprotonated state is much greater than the corresponding modulation in B-D-dC and in
B-D-T [AAG® p.N) = -1.2 kimol-! for a-D-dC, AAG®(p.Ny = 1.0 kJmol'! for a-D-T, whercas AAG’(p_n) = 0.5
kImol! for B-D-dC, AAG(p.ny = -0.3 kImol'! for B-D-T]. (ii) The shift of the N2 S pseudorotational
equilibrium from the neutral to the protonated state is comparable in @-D-dG and $-D-dG [AAG’(p.n) = -2.5
kImol-! for ct-D-dG and 1.6 kJmol! for B-D-dG]. (iii) However, from the perusal of the data in Table 1, it is

) E IS A pp— b | ™ 1. P PR I
d.l\U LlCd.l wndt i€ 0veérail po-acpenucit Lulldliy .

xargcr in the S -ddNs than in the o-D-ddNs counter
states for each of the B-D-ddNs versus a-D-ddNs pairs). (v) The enhanced medium-dependent flexibility of the
sugar conformation in &-D-dG, o-D-dC and o.-D-T (the only exception is &-D-dA compared to 3-D-dA) in
comparison with their B-D-counterparts can therefore be attributed to the proximity of 3'-OH and the

nucleobase in the a-face in the former, as evident in the overall pD-dependent entropy term.

(C) The comparison of the slopes of the correlation plots of 8 H vs AG° of N2 S equilibrium further confirms
that the pD-dependent entropy of the system in pyrimidine o-D-dNs results in the more efficient transmission of
the energy (AG ) of the protonation/neutral/deprotonation equilibrium to drive the overall sugar conformation
than in the B-D-series.
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and 24 as a function of the free-energy (AG") of their N 2 S equilibrium, All plots show straight lines with
correlation coefficients above 0.99 except for a-D-dA, where AG® of the N2 S equilibrium is pD-

independent, which results in a straight line with infinite slope. The absolute values of the slopes of the straight
lines shown in Fig 4 for a-D-dC and o-D-T (slope = -0.20 for a-D-dC, -0.14 for a-D-T) are smaller than for
the corresponding -D-dNs (see Fig 6 in ref. 2; slope = 0.53 for B-D-dC and 0.50 for B-D-T), showing that the
pD-dependent entropy of the system is more efficient to drive the sugar conformation in the former compared
to the latter. In purine nucleosides, the transmission of the protonation 2 deprotonation equilibrium to drive

(slope = -0.43 for a-D-dG, slope infinite f D-dA) compared to the data published? for the latter (see Fig 6
in Daf D olama — N0 A R TY AAN T2 00 thin anldin T cninn aa AN L0 3 ehy 1010 0 Y o 02 R TY 17
1 D\NCL. £, JIUPT = U,£0 LUl P-LU/-Uun, V.10 1l i€ aciqic pL/-ialige dlld u.vz 11 L€ dlKdiine pu-rd 1EC 101 P-LJ-U\g)

(5) The pKys of the nucleobases are the same for each of the a- / f-D-dNs and the - / 3-D-ddNs pairs,
showing that the electronic nature of the nucleobase is independent of the configuration at C1' and of the
3'-OH moiety.

Except for 0-D-dA (9), the plots of the pD-dependent AG® (at 298K) of the N2 S equilibrium in a-D-
dNs have the sigmoidal shape of titration curves, as originally found by us for B-D- dNs2, which have been

fitted to the Hasselbach-Hender uation [Eq 5] to give the pK,s of the nucleobases at the inflection points
(Fig 2)
[A] {1- ")
pD = pKj + log TAHY] pKa+log ----- Eq5

a is caiculated from the change in AG® values relative to the neutral state at a given pD divided by the total
change in AG® value between the neutral and the protonated or the deprotonated state (Tables 3 - 6). These
experimental pK, values are completely consistent with those calculated from the pD-dependent chemical
shifts of anomeric and aromatic protons in o-D-dNs according to the procedure described in our previous
work?2 (Fig 3). The pKas of the aglycones (Table 2) in &-D-dNs from pD-dcpendent frcc-cncrgics of the N 2

pseudorotational equilibrium does not change from neutral to acidic pD in o- D dA (9) and from neutral to
alkaline pD in a-D-dG (17). The values found from pD-dependent chemical shifts are however identical for a-
D-dA (9) (3.6) and its counterpart 3-D-dA (13) (3.6), on one hand, for a-D-dG (17) (9.5) and B-D-dG (18)
(9.5), on the other. All pK, values reported here have been further verified by making Hill plots based both on
the pD-dependent AG® values and 1H chemical shifts. From the identical pK, valucs we have obtained for o~
and B-D-dNs, it can be concluded that any different conformational flexibilities that have been found above
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Noteworthy is also the fact that the p a(s) of each nucleobase is (are) the same either in the B / a—g—st series
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or in the B/ a-D-ddNs counterparts, which clearly shows that 3'-OH moiety has no effect on the electronic

nature of the nucleobase in dNs in comparison with ddNs.

{6) The mirror-image D- and L-dNs in either - or B-forms are energetically equivalent
timeframe and accuracy y of NMR spectroscopy.

[ o o DU .

local miﬁ(n" differences observed between the AH® and AS® values fi
the experimental inaccuracy of the pseudorotational analyses owing to the errors of the experimentally
measured vicinal proton-proton coupling constants (See Tables 9 - 13 for 3Jyyy of a-D/L- and f-L.-dNs and ref.
2 for 3y in B-D-dNs).

In fact, the above pairwise comparison of D and -L-nucleosides confirms the validity of the two-state N

2 S equilibrium as well as the accuracy of our procedure for the estimation of the thermodynamics2! of the

This paper constitutes the first report delineating the inherent intramolecualr structural differences
between the natural 2'-deoxynucleosides and their o counterparts. This paper also shows for the first time the
interdependence of the aglycone promoted anomeric effect and the 3'-OH promoted gauche effect in 2'-
deoxynucleosides compared to 2,3'-dideoxynucleosides that result into different conformational flexibilities as
the medium changes. Our findings can be summarized as follows:

(1) For dNs, similarly to our previous results for ddNs1, the aromatic characters of the nucleobases in a-
and B-anomers are the same as evident from the identical pK,s of the constituent nucleobases in either o- or -

~ AY NYY Y

(2) Owing to the predominant influence of the 3'-OH gauche effect over the anomeric effect, the sugar
moiety adopts preferentiaily S-type conformations in 3-D-dNs, whereas the anomeric effect alone drives the
pseudorotational equilibrium toward N-type forms in the §-D-ddN counterparts. Owing to the cooperativity of
the effect of the nucleobase and the gauche effect of [03'-C3'-C4'-04'] fragment, the population of S-type
sugars in 0-D-dNs is greater than in o-D-ddNs.

(3) The amplitude of the modulation of the strength of the anomeric effect by the pD of the solution is
considerably reduced in all B-D-dNs compared to f-D-ddNs, and in o-D-dG compared to -D-ddG, as a result

of the gauche effect of 3'-OH in the dN series.

1A & (e ¥ e T 3% et s R e

well as the almost identical conformational preferences in a-D-dA (9) and its derivatives, 3'-OMe-o-D-dA (11)
and 3',5'-diOMe-a-D-dA (12), prompt us 1o conclude that there i inier 3

proton and the nucleobase. As in 0.-D-ddA (1), the conformation o sugar moiety in o-D-dA (
dependent, owing to the inefficiency of the transmission of stereoelectronic forces (i.e. anomeric effect) from
the aglycone to steer the sugar conformation.
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Table 9. The temperature-dependent vicinal coupling constants in &-D-dA (9) as a function of pD 2
o-D-dA (9)
pD o 3y 3y 3gmy 33y
278 K 358K 278K 358K | 278K 358K | 278K 358 K 278K 358K
1.6° 74 74 23 2.7 6.4 6.7 2.5 2.8 2.6 30
2.1b 74 74 2.3 28 6.5 6.7 2.3 2.8 2.6 3.0
2.5b 74 75 23 2.8 6.5 6.6 23 3.0 26 33
2.8b 7.4 75 2.3 2.9 6.6 6.8 23 29 26 3.1
3.25 7.5 75 2.4 3.0 6.6 70 24 28 2.6 3.1
3.7 76 76 25 3.1 6.7 7.1 23 2.9 27 3.1
40 17 76 2.5 3.1 6.7 7.0 24 29 26 32
42 7.7 7.6 2.5 32 66 7.1 24 29 26 32
46 77 1.7 25 32 6.8 7.1 23 29 26 32
5.0 7.1 17 2.5 3.1 6.7 7.1 2.4 3.0 25 3.1
59 77 7.7 2.6 3.1 6.7 7.1 2.5 3.0 26 3.1
6.5 7.1 77 2.6 32 6.8 7.1 24 3.0 26 32

4 In Hz, error £ 0.1 Hz. Only 3] Hy at the lowest and the highest temperature are tabulated. They are however available at several
intermediate temperatures in 10 K steps. Note that complete set of 3Jyy;; between 278 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 conslants are the

caciilt of ol ™ATOYV 20 b3 . ™ AA IO e s o ~ 1z
resuli of simuiaiion and iteration procedure by DAIS ¥ “JyH 1or o-LJ-dA (9) could not be determuned at pD = 1.0
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above 328 K, at pD = 2.1 above 328 K, at pD 2.5, 2.8 and 3.2 above 348 K, because of its fast decomposition.
Table 10. The temperature-dependent vicinal coupling constants in ®-D-dG (17) as a function of pD 2
o-D-dG (17)
pD 33y 3 3y 3yry 3y
278 K 358 K 278 K 358 K 278 K 358 K 278K 358 K 278K 358 K
1.0b 7.1 7.1 1.4 1.7 59 59 1.7 2.1 1.7 2.2
1.5 7.1 7.1 L5 19 5.8 6.0 1.8 2.1 18 22
2.0b 7.1 72 1.6 19 5.9 6.2 1.9 22 18 22
2.4b 72 15 19 2.7 6.1 6.6 2.0 24 22 2.6
2.9b 74 7.6 2.4 3.1 6.5 7.1 2.2 2.7 26 32
3.5 7.7 7.7 2.9 3.6 6.9 7.1 2.5 3.4 29 35
4.5 7.7 16 3.0 35 7.1 71 24 33 28 35
5.8 7.7 17 3.0 3.5 6.7 72 29 3.2 29 35
6.3 7.8 1.7 3.0 3.5 6.9 7.1 2. 3.4 3.1 34
73 1.7 7.7 3.0 35 6.9 7.1 2.7 34 3.0 34
8.6 78 1.7 3.0 35 6.9 7.1 2.7 33 2.8 32
9.2 79 78 3.0 3.5 6.8 7.0 2.7 3.2 29 35
10.0 8.1 8.0 3.1 34 70 73 25 3.0 2.7 3.0
10.6 8.2 8.0 3.1 35 6.8 72 25 29 28 32
11.6 8.2 8.0 3.1 3.5 6.8 72 24 2.7 29 32

2 In Hz, emror + 0.1 Hz. Only 3JHH at the lowest and the highest lempcrdture are tabulated, whereas they are available at several
intermediate temperatures in 10 K or 5 K steps. Note that complete set of 3Jjy;; between 278 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.2% b 3Jy,: for a-D-dG (17) could not be determined at pD = 1.0

above 303 K, at pD = 1.5 and 2.0 above 308 K, at pD 2.4 above 328 K, atpD 2.9 above 338 K because of its fast decomposition.
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Table 11. The temperature-dependent vicinal coupling constants in a.-D-dC (20) as a function of pD &b
o-D-dC (20)
pD 31 31y 3y 3y 3ya
278 K 358 K 278K 358K 28K 358K 278K 358K 278K 358K

20 6.9 7.0 1.8 2.5 5.8 59 19 25 16 24
2.3 6.9 7.0 1.8 24 5.7 59 1.9 24 1.6 22
28 6.9 7.0 i.8 27 58 6.0 1.9 2.5 1.7 2.5
33 6.9 7.1 1.3 2.7 58 6.0 1.9 26 i7 26
3.7 70 7.2 1.9 28 6.0 6.0 1.9 27 1.6 2.6
4.1 6.9 72 2.0 30 59 6.3 2.1 29 18 2.7
47 7.0 7.2 2.3 3.3 6.0 6.4 21 2.9 18 29
54 7.0 7.2 23 33 59 6.4 23 3.0 2.0 30
6.0 7.1 72 23 34 6.0 6.5 2.3 33 1.9 28
6.7 7.0 72 23 34 6.0 6.5 24 3.2 20 29
7.1 7.0 7.2 23 34 6.0 6.5 21 3.1 21 29

aln Hz, error £ 0.1 Hz. Only *Jyy at the lowest and the highest temperature are tabulated, whereas they are available at several
intermediate temperatures in 10 K steps. Note that complete set of Iy between 278 and 358 K at each pD have been used in the

calculation of thermodynamic quantities through pseudoroiational analyses. Tabulated coupling constants are the resuit of simulation

and iteration procedure by DAISY program. 29

b 3J 1y for a-D-dC (20) could not be determined at pD = 2.0, 2.8, 4.1, 5.4, 6.7 and
7.1at328 K, atpD=2.3 above 338 K and at 328 K, atpD = 33dnd47at328Kand338K atpD =3.7 at 318 K and 328 K, at pD

6.0 at 308 K and 328 K due to the isochronicity of H3' and H4' resonances.

Tabie 12. T

e

The temperature-dependent vicinal coupling constants in Q- D T (24) as a function of pD @

oa-D-T (24)

pD 3y 31 3y Honge 33y
278K 358K | 278K 358K | 278K 358K | 278K 358K | 278K 358K
6.0 72 73 3.1 3.8 6.2 6.7 2.8 35 2.7 3.2
7.1 72 73 3.1 3.7 62 6.6 2.8 3.5 2.7 3.2
7.8 72 73 3.1 3.8 6.2 6.6 2.9 34 26 33
8.6 72 73 3.1 3.8 6.2 6.7 2.9 35 26 32
9.0 7.2 73 3.2 3.8 6.3 6.6 3.0 35 2.5 33
9.5 72 73 34 41 6.5 6.7 3.0 3.7 2.7 34
9.9 72 73 3.5 42 6.4 6.8 3.1 3.7 28 35
102 72 73 16 43 6.4 69 32 3.7 29 34
10.5 72 73 3.7 44 6.4 7.0 33 39 3.0 34
11.2 72 73 3.8 45 6.4 69 3.4 40 3.1 3.6
11.6 72 73 3.9 46 6.4 6.8 3.5 4.1 3.1 36

2 In Hz, error * 0.1 Hz. Only SJH}! at the lowest and the highest temperature are tabulated, whereas they are available at several
intermediate temperatures in 10 K steps. The complete set of 3J;;; between 278 and 358 K at each pD has been used to calculate the

lhermodynamic quamities through pseudorotational analyses and van't Hoff plots. Tabulated coupling constants are the result of
buuuuuuu d.llu u.crauuu prou:uun: oy DALY ] pmgrdm 29

TNATOW
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Table 13. The temperature-dependent vicinal coupling constants in a-L-dA (10), 3'-OMe-a-D-dA (11), 3',5-
diOMe-a-D-dA (12), B-I -dA (14), 3'-OMe- R_r) dA (15), 3',5-diOMe-B8-D-dA (16), B-L-dG (19), a-L-dC
(21), B- __I:,—dC 23), a __I::T (25) and B-L-T (27) as a function of pD 3

Compound pD 33 37 ign C)peoY 3 pnye ) FO

K 38K 278K 3

58 7

a-L-dA (10) 1.8 74 74b | 2.
2

3-OMe-a-D-dA (11) 16 72 73¢ | 15 18° | 64 65¢ | 15 1L7¢ | 19 2.2¢

3',5-diOMe-a-D-dA (12)| 16 72 724 | 17 209 | 65 659 | 16 204 | 23 2.5d

B-L-dA (14) 1.8 6.7 66° | 65 66¢ | 63 66° | 41 42¢ | 36 3.7¢
64 | 78 |72 | 62 | 64 | 61 | 63 | 31 | 38 | 29 | 36
3-OMe-B-D-dA(15) | 16 | 74 | 73" | 64 | 64f | 61 | 630 | 30 | 32f | 28 | 3.0f

or ~ o .~ -~ =0 P ~ - -~ A A 28

3 8.5 7.8 6.0 6.2 5.8 6.2 3 29 23
3',5'-diOMe-B-D-dA (16)( 1.6 7.0 698 | 6.6 668 | 62 638 | 33 348 | 32 3.38
69 76 1 69 | 63 | 65 | 62 | 64 30 | 35 28 | 35
B-L-dG (19) 12 | 57 | 570 | 66 | 66N | 64 | 650 | 50 | 480 | 41 | 40h
70 | 76 | 71 63 | 65 | 62 | 65 34 | 39 3.1 3.6
120 | 82 | 75 | 6.1 64 | 60 | 63 29 | 35 | 26 | 34

a-L-dC (21) 16 | 69 | 71 18 {25 | s8 { 59 17 1258 17 | 25
- 73 171 P72 24 P34 160 |65 | 21 | 32 | 21 29
B-L-dC (23) 18 | 63 | 64 | 65 | 66 | 66 § 66 | 44 | 44 | 39 | 41
72 | 68 | 68 | 64 | 65 | 67 | 68 | 41 | 42 | 38 | 41

a-L-T (25) 72 | 72 } 13 | 31 38 | 61 |66 | 28 | 35 | 27 | 32
119 | 72 } 73 | 40 | 46 | 65 | 69 | 36 | 41 32 | 37

B-L-T (27) 6.6 700 69 | 671} 67 | 671 | 68 421 | 43 411 | 42

119 | 74 | 71 64 | 66 691 | 69 38 | 41 41 | 42

2 In Hz, error £ 0.1 Hz. Only *Jyy at the lowest and the highest temperature are tabulated, whereas they are available at several

intermediate temperatures in 10 K or 5 K steps. The set of 3], between 278 and 358 K at each pD have been used to calculate

lhermodyndmw qudnuues through pseudorotauonal analyses and van't Hoff plots. Tabulated coupling constants result from
29

AN W

simulation and iteration by DAISY program.=’ A 3 A, 'JHH could not be extracted at this pD above 323 K due io the fast
decomposition of a-L-dA (10). ¢ At328 K. 3J;;; could not be extracted at this pD above 328 K due to the fast decomposition of

3-OMe-a-D-dA (1 11). 9 Ar328 K. 3], could not be extracted at this pD> above 328 K due to the fast decomposition of 3',5'-
diOMe-o-D-dA (12). © At318K. 3y could not be extracted at this pD above 318 K due (o the fast decomposition of B- L-dA
(14). T At328 K. 3Jyy could not be extracted at this pD above 328 K due to the fast decomposition of 3'-OMe-B-D-dA 1s). s
At 328 K. 3Jy; could not be extracted at this pD above 328 K due to the fast decomposition of 3',5'-diOMe-B-Q—d—.t.\ (16). b At
308 K. 3J3y could not be extracted at this pD above 308 K due to the fast decomposition of B-___I:-dG 19). i At—3—28 K. 3JHH could
not be extracted at this pD below 328 K due to the isochronicity of H2' and H2" resonances . J At 308 K. 3I,;4 could not be

extracted at this pD below 308 K due to the isochronicity of H2' and H2" resonances.
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(5) As in 0-D-dA (9), the streneth of the anomeric effect is not pD-modulated in o-D-dC (20) and o-D-T
W7 AS I Q- -CA (DY), 100 ST O U6 AllOINCTIC ClICCL 15 NOL PL-MOCalod 1N - /-CL &) allC &-27-2
A whisrh ic rancictant with nne nrovinne finding far v _N_AAC (8Y and v _TL_AAT /"1 Hawavar in rv_D_AD 90
&™)y WILILIL 13 VUHOLOWALIL Wil UL PAVVIUU.) luluuls LUL WW7L/TUNL \J) ALIU WWTL/7UU L (7 ). LIUWUL VYLD, LU WTL77ULL (V)

snowmg the effect of the steric proximity of 3'-OH and of the nucieobase in the a-face in pynmldine a-D-dNs.

(6) We do not find any energetic basis of the chiral selection of the mirror-image D- or L-nucleosides
since the free-energies of the stereoelectronic forces that dictate their respective inherent internal freedom in
the aqueous solution are identical within the timeframe (~10-3 min) and the accuracy of measurement of the
experimental encrgetics of the N2 S equilibrium (£0.1-0.2 kJ/mol)2l. The parity-violating energy
difference28 due to weak nuclear force, causing D-nucleosides to have a slightly favourable evolutionary bias
because of slight energy stabilization over L-nucleosides, is so small (= 10-14 J mol-! stabilization for D-ribose

_rithace accaordine to ah 1
Y W MWW A “ul& AV AR e vy

Experimental Section

(I) TH-NMR spectroscopy.

(A) The temperature- and pD-dependent 1H NMR at 500 MHz. 1H-NMR spectra were recorded at 500
MHz (Bruker DRX 500) in D50 solution [5 mM for a;_];—st 9,17, 20 and 24, for 11, 12, 15 and 16, a—;—st
10, 21 and 25, ﬁ—g—st 14, 19, 23 and 27 and for ﬁ—g—dG (18); 20 mM for §-D-dA (13), ﬁ-g-dc (22) and ﬁ—g—
T (26), ScHzeN = 2.00 ppm as internal reference] between 278 and 358 K at 5 K or 10 K intervals. For a-D-

dNs 9, 17, 20 and 24, the spectra have been recorded at various pDs in the following ranges: 1.6 - 6.5 for 9

11/1' 1 c EY1 N 4

(twelve pDs, see Table 9), 1.0 - 11.6 for 17 (fifteen pDs, see Table 10), 2.0 - 7.1 for 20 (eleven pDs, see Table
11), 6.0 - 11.6 for 24 (eleven pDs, see Tabie 12). In the case of L-nucleosides, 11, 12, 15, 16, 1H-NMR spectra
have been recorded only at two or three pDs at which their nucleobases are in the neutral, fully protonated
or/and deprotonated forms, i.e. at pD 1.8 and 6.4 for a-L-dA (10), pD 1.6 and 7.3 for a-L-dC (21) and at pD

7.2 and 11.9 for a-&-T (25); at pD 1.8 and 6.4 for B-g—dA (14), pD 1.2, 7.0 and 12.0 for ﬁ-;-dG (19),pD 1.8
and 7.2 for B-L-dC (22) and at pD 6.6 and 11.9 for B-L-T (27) (see Table 13). The 1H-NMR spectra have been

recorded only at one pD (in the neutral range) for 28 - 31. The pD ranges used to record the 1H-NMR spectra of
B-D-dNs 13, 18, 22 and 26 are reported in the Experimental Section in ref. 2. The pD values correspond to the

alihrated with two standard huffere in HAO (nH 4
1prated wilh two stangard dullers 1n N>V (pn 4
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simple addition of microliter volumes of concentrated D2504 or NaOD solutions. All spectra have been
recorded using 64K data points and 16 or 32 scans. The assignments in 1 - 31 have been based on 1H 1D
homonuclear decoupling experiments. The relative assignments of H2' and H2", have been obtained from 1D
1H-NOE difference experiments. In all dNs, H2' corresponds to the proton which lies on the same face of the
pentofuranose moiety as H3', as a consequence of the mirror-image relationship of B-D-dNs with -L-dNs, on
one hand, of a-D-dNs with ai-L-dNs, on the other (see Scheme 2). The pD-dependent accurate 3J4 (20.1 Hz)

have been obtained through simulation using DAISY program package29 and have been used for the

(B) The pD-dependent conformation about the giycosidic torsion from 1D nOe-diff experiments
The NOEMULT pulse sequence included in the Bruker software package has bee
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ir
specific multiplet he second is OFF-resonance) and by subsequently subtracting both spectra.
f experiments have been preformed at various pD ranges for a-D-dNs (9, 17, 20 and 24), o-

L-dNs (10, 21 and 25) and B-D- -D-dNs (13, 18, 22 and 26) to ascertain the position of their relative syn & anti
equilibria27:

(2) For a-D-dA (9), irradiation of H8 yielded pD-dependent NOE enhancements at H1": 2.5% (at pD 2.1),
3.0% (at pD 2.5), 3.0% (at pD 2.8), 2.8% (at pD 3.5), 4.0% (at pD 4.0), 3.9% (at pD 4.6), 3.8% (at pD 5.9),
5.4% (at pD 6.5) whereas irradiation of H1' yielded pD-dependent NOE enahncements at H8: 2.8% (at pD 2.1),

3.4% (at pD 2.5), 3.2% (at pD 2.8), 3.8% (at pD 3.5), 4.6% (at pD 4.0), 3.6% (at pD 4.6), 4.5% (at pD 5.9),
4.0% (at pD 6.5). For ¢- D-d(:j (17), irradiation of HS yielded pD-dependent NOE enhancements at HI'

..... s+ 230 AL - cnt NOUE ennancements at 111 an

1.8), 3.0% and < 1.0% (at pD 2.0),
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pD 1.3), 3.8% and < 1.0% (at p

% and 2.1% (at pD 7.3), 4.0% and 3.1% (at pD 8.6), 5.7% and 1.9% (at pD 10.6), 6.1% and 2.5% (at pD
1.6). For o-D-dC (20), irradiation of H6 resulted in NOE enhancements at H1' and H2", respectively: 0.9%

and 0.7% (at pD 2.0), 2.2% and 1.3% (at pD 2.8), 2.3% and 1.6% (at pD 5.0), 2.4% and 1.3% (at pD 7.1).
Finally, for a-D-T (24), irradiation of H6 yielded NOE enhancements at HI' and H2", respectively: 3.0% and
2.6% (at pD 7.1), 3.0% and 2.1% (at pD 8.6), 3.6% and 2.7% (at pD 10.2), 3.5% and 2.6% (at pD 10.5) and

3.4% and 2.5% (at pD 11.6).
(b) Irradiation of H8 in a-L-dA (10) resulted in NOE enhancements at H1' and H2", respectively: 1.8%

4.
1

and < 1% (at pD 1.6), 2.6% and 1.7% (at pD 7.6), whereas irradiation of H1' resulted in 1.5% (at pD 1.6)
il N AV \“l lJU Aa U,, o a\J IV QRiivd L./ 7V 1. , YY AW A W AD 1114 u LAVl UL 131 AVIOUIWAS L KWV \ab lJ‘U I.U”
3.0% (at pD 7.6) NOE enhancements a H8 Irrad1at10n of H6 in a-L-dC (21) yielded < 1% (at pD 1.6) and <
1% (at pD 6.1) NOE enhancements at H2", whereas irradiation of H2" resulted in 1.7% (at pD 1.6) and 2.2%
(at pD 6.1) NOE enhancements at H6. Irradiation of H6 in a-L-T (25) resulted in 2.3% and 2.2% (at pD 7.2),
2.6% and 2.4% (at pD 11.9) NOE enhancements at H1' and H2", respectively, whereas irradiation of HI

resulted in 2.2% (at pD 7.2) and 2.6% (at pD 11.9) NOE enhancement at H6.
(c) Irradiation of H8 in 3-D-dA (13) resulted in NOE enhancements at H1', H3' and H2": 3.5%, 1.2% and

2.4% (at pD 2.0) and 4.3%, 0.9% and 2.5% (at pD 7.8), respectively, whereas irradiation of H1' yielded 3.9%
(at pD 2.0) and 4.9% (at pD 7.8) NOE enhancements at H8. Irradiation of H8 in B-D-dG (18) resulted in NOE

enhancements at H1', H3' and H2": 3.5%, 1.2% and 1.9% (at pD 1.8), 3.8%, 1.0% and 2.8% (at pD 3.8), 3.8%,
1 1%, and Y00, {at nY T "IN and A KT, N LT, and D V. (at n1Y 11 1) eragnartivaly wharosae srradiatinn nf HH1?
1.1 /0 allu &L.7 /U \al. pu .7 ) Qlliu "r.J /Uy U U /U aAllu L4 /U \al PU 1 1. l.[, luoy\,\,uVLAy, WIILILAD 111auiauliuil Ul 111
_______ VL F~s T 1T O 1 O /-2 TN 7 O\ A N frns T ™M = 07 nd =T 11 1 NYTATY b s 4
rcbuucu ln J 170 \dL pU 1.8), 1.070 (4l pL7 1.0), 4.U70 (dl pU 1.7 dt pU 1 1.1) INuLE Cndinceincnl ak

o ( )
H8. Irradiation of H6 in B-D- -D-dC (22) resulted in NOE enhancemem at H3' and H2": 1.6% and 2.7% (at pD

1.8), 1.5% and 2.8% (at pD 4.2) and 1.4% and 2.9% (at pD 7.6), respectively, as well as 2.6% (at pD 4.2) and
2.7% (at pD 7.6) NOE enhancement at H1', whereas irradiation of H2' gives 5.8% (at pD 1.8), 6.0% (at pD 4.2)
and 6.3% (at pD 7.6) NOE enhancement at H6. Finally, irradiation of H6 in B-__Q—T (26) resulted in NOE
enhancements at H1' and H3', as follows: 2.9% and 2.2% (at pD 7.5), 3.1% and 2.0% (at pD 11.8), respectively,
whereas irradiation of H1' resulted in 2.4% (at pD 7.5) and 2.2% (at pD 11.8) NOE enhancement at H6.

(II) The pD-dependent conformational preferences of the sugar moieties in 9 - 27 by pseudorotational

____________ 4L DOTTIIDAT ___.___..__2)
alldlybeb Wll.ll IOLURU L prograin-~
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interpretated in terms of two-state Nz S equilibrium!4 with the program PSEUROT?22, as they are time-
average values of the 3]y of the individual conformers. Five parameters are needed to describe the actual state
of the N2 S equilibrium: The phase angles and puckering amplitudes of the N [Py, W(N)] and S [Ps,
WnL(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 3J;y. The input of a PSEUROT calculation consists of sets of (i)
experimental 31 HH» (ii) substituent clcctroncgat1v1t1€:322, and (iii) starting values for Py, Pg, ¥, (N) and ¥ ,(S)

as well as xg at each temperalure PSEUROT is based on the pseudorotation concept!4 and on the new

generalized Karplus equation22b.¢ which links 3Ty coupling constants to the corresponding proton-proton

o r hulr Sant 3 Iir r o I o r r

1 ion ana]pc nn the hacic of tha "A" ciihetitnent narameter cnq!.a22d,e e fallawing valuec have haan nead
El\iﬂ /AL ViAW UAODLAD UL uilw Al 9 UobALUiwiAL l.l“lﬂlll\(b\tl Dw ki o« AAAw ANJALANUTYY AIIE Fw ViU LA TWw Uwiwil UWowe

Fe tha nnl-.no:hu\.-.o-n nttan~had ¢ tha LT 0V M LT Conmnannta A (I — Y (AN ) AN N EDY ) (O _ N LT 1

AUL T DQUUDUILUTIILW AlialliCu WU LUIC 11U~ "11 lldsl 1CLILD n \\.«1 } - \\aJ ] A" \\a“f } - .V, IV \\/é j - U7, IV

(C5)=0.68,A (04 =127, (OH) =1.26 and A (glycosyl N) = 0.5822d.¢. The proton-proton torsion angles in

the pentofuranose moiety can be translated into the corresponding endocyclic torsion angles (v;, 1 = 0...4) by the
PSEUROT program using relationships of the type: @y =B + A.v;. A and B parameters are as follows [in the
case of o-D-dNs, we have subtracted 120" from the @y (@19+) values, whereas for a- and 3-L-dNs A and B
have been obtained by reversing the signs of both A and B values used for their o- and B-D counterparts, as
suggested by Altona et al20]: A=1.06 and B=2.4 for ®»4, A=1.06 and B=122.9 for ®,3 and A=1.09 and B=-
124.0 for @34 in ®-D-dNs and in 3-D-dNs ; A=1.03 and B=121.4 for <I>1-2a A=1.02 and B=0.9 for @ in B-

DdNs and A=1.03 and B=1.4 for @y, A=1.02 and B=-119.1 for ®p«in o-D-dNs; A=-1.06 and B=-2.4 for
@Daae A=-1 06 and R=-122 O far Manar and A=-1 0Q and R=124 0) for ®ars in -1 -dNe and in R-T -dNg¢ =
Dy, 4=-1.00 ANt B=-122.0 100 Oy anC A=-10Y an€ B=1.4.0 10T O3y 10 O-2-CNS and 1n p-1-QINS, A

1 N —_1 1AFA o A T V) ann A R_NOFarh. n RT ANo and A— 1 MW2 and R__1 A fard. . A—_
1. an =-121.4 10 “’1'2" AS-1.Uz @it D=-U.7 101 Wigr 1l P-L-QINS and A=-1.00 ana p=-1.4 101 Y7, A=

03 and B=-12
1.02 and B=119.1 for @+ in 0o-L-dNs.
(a) Examination of the conformational hyperspace that is accessible to the N and S
pseudorotamers. The PSEUROT analyses based on the experimentally measured 3Jyp have been performed
in two ways: (i) W (N) and ¥ (S) were first assumed to be identical and constrained to the same value in a
certain range (vide infra) during the PSEUROT calculation and (ii} when either the N or the S pseudorotamer is
significantly preferred over the other (i.e. by 2 70%), P and Wy, of the minor conformer have been frozen to

(=%

different sets of values (vide infra) while the geometry of the major pseudorotamer was o

...... J el re [R<198]

n
the PSEUROT fitting process. The ensemble of PSEUROT analyses performed for each compound has been
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designed in order to carefully examine the hyperspace of geomeiries
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pscudorotamers and in such a way that the deviations between the experimental and back-calculated “Jyy (they
are reflected in the value of A,y vide infra) as well as the rms of the analyses remain minimal (vide infra).
The detailed results of the PSEUROT analyses are given in the Tables 3 - 6 for a-D-dNs 9, 17, 20 and 24.

(b) Investigation of the propagation of the error inherent to the experimental 3Jyy in terms of the
thermodynamics of the two-state N2 S equilibrium. For each set of starting geometries according to (a),
we have generated typically 1000 - 3000 sets of 3Jyy with a gaussian distribution (6= 0.1 - 0.2 Hz) around the

experimentally measured values. Each of these sets has been used as input for a PSEUROT calculation. The
rnmmhinatinn Af faY and (h) vialdad tunically SNNND _ 20000 Falenlatinne for O - 27
LUILLIULIIAUIULL VI (a) allu (U ) PAVFAVIGLY oy 8 lJl\tLLAl SUUYg &IV VAIVULALIULLY 1L 7 i f o

(c) Van't Hoff type analysis of x) and Iculated by PSEUROT to derive AH®, AS° of the N 2
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S equilibrium. The temperature-dependent x; and xg calculated by PSEUROT have been subsequently used
-~ &NNN AN srnemtt LTAPL late 4~ ~hen almean mnd jntacaamta Al hasia hane asvravasad ¢4 nalanlasa sha
11 JUUU - LUVUVUV Vdli Ll 11Ul PV W Uuuuu SIVPLD 4liu LICIVO P, WIIGL 11aVEe UCCIL dVlIdglu W valL ulaie uiv

average enthalpy (AH®) and entropy (AS®) values of the N 2 S equilibrium in 9 - 27. The free-energy (AGT) of
the N 2 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 xy
obtained at T with our PSEUROT analyses!-22. AG® values reported throughout this paper have been obtained
using the second procedure.

(d) Results of the pseudorotational analyses for 3'-0Me-a-;_g-dA an, 3',5'-diOMe-(x-g-dA (12), 3'-
OMe-f3-D-dA (15), 3',5'-diOMe--D-dA (16), o-L-dNs (10, 21 and 25) and $-L-dNs (14, 19, 23 and 27).
3'-OMe-a-D-dA (11): W,(N) and W(S) have been first constrained to the same value from 27° to 33°in 1°

caiidnsntansar ko

(at pD 1.6) and at 25°, 28° and 31° (at pD 7.3), which resulted in 144° < Pg < 160° with 27° < ‘{'m(S) < 32° (at
pD 1.6) and in 144° < Pg < 164° with 25° < W ,(S) < 30" (at pD 7.3) (AJhax < 0.6 Hz and rms < 0.3 Hz). The
19 sets of mole fractions of N- and S-type conformers at each pD were used to make the same number of van't
Hoff plots. The average slopes and intercepts of these van't Hoff plots are respectively: 0.70 (¢ = 0.18) and
-0.32 (6 =0.59) (at pD 1.6), 0.77 (o = 0.10) and -0.77 (¢ = 0.30) (at pD 7.3).

3.,5"-diOMe-0-D-dA (12): lPm(N) and lI’m(S) have been first constrained to the same value from 27° to

s with
and 33° (at pD 1.6) and at 25°,28° and 31° (at pD 7.0), which resuited in 140° < PS < 158° with 27° ‘i"m(S) <
32° (at pD 1.6) and in 140° < Pg < 160° with 26" < W,(S) < 31° (at pD 7.0) (AJpax < 0.6 Hz and rms < 0.3
Hz). The 19 sets of mole fractions of N- and S-type conformers at each pD were used to make the same number
of van't Hoff plots. The average slopes and intercepts of these van't Hoff plots are respectively: 0.64 (o = 0.15)
and -0.31 (o = 0.49) (at pD 1.6), 0.70 (o = 0.10) and -0.66 (¢ = 0.27) (at pD 7.0).

3-OMe-B-D. D-dA (15): Wn(N) and W, (S) have been first constrained to the same value from 29° to 35° in

1° steps (at pD 1.6) and from 30° to 36° (at pD 7.3). Py and Pg during these PSEURQTS are -29° < Py < 24°
and 145° < Pe < 176° (at pD 1.6). -31° < Pry < 26° and 145° < Pe < 163° (at oD 7.3). At each pD, Py of the

’ s AT, \Ab N S AV \ﬂl. PIJ i \J,, 7 4 ™~ A N AV uuu AT/ \Ab ™ AN \I-I.L tll./ llJl 4 3AF Wwidwvii Pl-/’ LN WA wiivw
minor N pseudorotamer has been also constrained to -30° < Py < 30° in 20° steps with ¥ ;,(N) fixed at 29°, 32°

and 35° (at pD 1.6) and at 30°, 33° and 36° (at pD 7.3), which resulted in 145° < Pg < 173" with 25" < ¥[,(S) <
36° (at pD 1.6) and in 145" < Pg < 165° with 31° < W¥;(S) < 37 (at pD 7.3) (AJphax < 0.6 Hz and rms < 0.3
Hz). The 19 sets of mole fractions of N- and S-type conformers at each pD were used to make the same number
of van't Hoff plots. The average slopes and intercepts of these van't Hoff plots are respectively: 0.17 (¢ = 0.07)
and 0.30 (¢ = 0.26) (at pD 1.6), 0.55 (o = 0.05) and -0.56 (c = 0.18) (at pD 7.3).

3',5'-diOMe-B-D: D- dA (16): ¥ (N) and ¥ (S) have been first constrained to the same value from 29° to
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07, 33" and 36° (at pD 6.9), whi
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.30 (6 =0.24) (at pD 1.6), 0.43 (6 = 0.05) and -0.60 (¢ = 0.17) (at pD 6.9).

a-L-dA (10): ¥, (N) and ¥,(S) have been first constrained to the same value from 24° to 33" in 1° steps
at pD 1.8 and at pD 6.4. Py and Pg during these 10 PSEUROTS: are 2° < Py < 32° and 145° < Pg < 162° (at pD
1.8), 0° < Py < 38" and 149° < Pg < 194° (at pD 6.4). At each pD, Py of the minor N pseudorotamer has been
also constrained to -30° < Py < 30° in 20° steps with W,,(N) fixed at 24°, 28° and 32°, which resulted in 138" <
Pg < 167° with 25° < W,,(S) < 33° (at pD 1.8) and in 140" < Pg < 180° with 21° < W,,(S) < 28° (at pD 6.4)
(ATqnax < 0.6 Hz and mms < 0.3 Hz). The 22 sets of mole fractions of N- and S-type conformers at each pD were

used to make the same number of van't Hoff nlots. The averase slones and intercents of these van't Hoff nlots
T A ylvbd A liw uvvnubv U‘VH\/O KRiia lll&vlv\lyw WA Wiwow il & AAaViL l.llvw
are reenectivelv  DEE (=0 1N and 100/ =02N (2t D 1Y NT)I(x=D0RAYand .1 27 (s =D VAN [at n]D
al IUOPVUUVUI V. UU \WV — U.1 1) aliu LUl \UJ = J. T ) \al lJU 1.0}y V.1 & \U — V.UU) aiiu et \U — U.L7T) (Al PU

B-g—dA (14): ¥ ,(N) and P;,(S) have been first constrained to the same value from 29° to 36" in 1° steps

(at pD 1.8) and from 30° to 36" (at pD 6.4). Py and Pg optimized during these 8 (at pD 1.8) or 7 (at pD 6.4)
PSEUROT: are -20° < Py < 25° and 140° < Pg < 171° (at pD 1.8) and -22° < Py < 24° and 142° < Pg < 160° (at
pD 6.4). At pD 6.4, Py of the minor N pseudorotamer has been also constrained to -30° < Py < 30° in 20° steps
with W, (N) fixed at 30°, 33° and 36° which resulted in 140° < Pg < 166” with 31° < W,(S) < 38" (AJpax < 0.6
Hz and rms < 0.3 Hz). The 8 sets (at pD 1.8), 19 sets (at pD 6.4) of mole fractions of N- and S-type conformers
at each pD were used to make the same number of van't Hoff plots. The average slopes and intercepts of these
ectively: 0.14 (¢ = 0.08) and -0.05 (o = 0.26) (at pD 1.8), 0.47 (¢ = 0.05) and -0.72 (o

Yo 2Dy VT Qii TV T & \W

N T A0 r40N. AT oA FOY Liocsn Lass £oct nmcbenliena the same value from 29° to 3 1
p'LfUU (7). TmUV) danda Tm\i)} nave UUC[I Hlbl LUHbUleCU {0 inE€ Same vaiue irom 25 030 in i

(at pD 1.2), 30° to 36” (at pD 7.0) and from 31° to 37° (at pD 12.0). Py and Pg optimized during these 8 (at pD
1.2) or 7 (at pD 7.0 and 12.0) PSEUROTS are -21° < Py < 3° and 140° < Pg < 167° (at pD 1.2), -15° <Py < 30°
and 139° < Pg < 163° (at pD 7.0), and -17° < Py < 34" and 146° < Pg < 164° (at pD 12.0). Additionally, at pD
7.0 and 12.0, Py of the minor N pseudorotamer has been also constrained to -30° < Py < 30° in 20° steps with
Y(N) fixed at 30°, 33° and 36 (at pD 7.0) and at 31°, 34° and 37° (at pD 12.0) which resulted in 139° < Pg <
166° with 30" < W(S) < 37° (at pD 7.0) and 142° < Pg < 164° with 31° < Wpr(S) < 38° (at pD 12.0) (AJpax <

ik ’ AN
0 6 Hz aﬂd ms < Q 3 7Y The  cote (at nD 17 10 gote fat nD 70 and 12 M of mole fractione of N- and S.
. Albl A1l O N \“L Pu l.h’, 4.7 O \‘-l-l- AV N VU S N \l, /L MiViw Liddwiuivs l i AN il W
type conformers at each pD were used to make the same number of van't Hoff plots. The average slopes and
— n NNy 3 N ™ 1

intercepts of these van't Hoff plots are respectively: -0.16 (¢ = 0.09) and 0.63 (¢ =0.32) (at pD 1.2),0.32 (G =
0.04) and -0.36 (6 = 0.15) (at pD 7. 0), 0.51 (¢ = 0.05) and -0.68 (¢ = 0.16) (at pD 12.0).

0.-L-dC (20): W (N) and W'1,(S) have been first constrained to the same value from 29° to 37° in 1° steps
(at pD 1.6) and from 27° to 34° (at pD 7.3). Py and Pg during these 9 (at pD 1.6) or 8 (at pD 7.3) PSEUROTs
are -9° < Py < 30° and 155° < Pg < 168° (at pD 1.6), and -11° < Pyy < 9° and 157° < Pg < 187° (at pD 7.3).
Additionally, at each pD, Py of the minor N pseudorotamer has been also constrained to -30° < Py < 30% in 20°
steps with W, (N) fixed at 30°, 33° and 36° (at pD 1.6) and at 28°, 31° and 34° (at pD 7. 3) which rcsulted in

154° <« Pg < 171° with 30° <« ¥_(S) < 36° D 1.6

N
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and S-type conformers at each pD were used to make the same number of van't Hoff plots. The average slopes
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. . . _
and intercepts of these van't Hoff plots are respectively: 0.87 (6 = 0.07) and -1.21 (o = 0.25) (at pD 1.6), 0.86
frw —NNNEN ned 1 L (o — NI £os TN 7T 2N
(O=uubjand -1.00 {0 =v.Lijlaipu 7.5).

B-L-dC (23): W (N) and W (S) have been constrained to the same value from 29° to 36” in 17 steps (at
pD 1.8) and from 29° to 37° (at pD 7.2). Py and Pg optimized during these 8 (at pD 1.8) or 9 (at pD 7.2)
PSEUROTs: are -27° < Py < 3° and 130° < Pg < 151° (at pD 1.8), and -24° < Py < 10” and 129° < Pg < 1447 (at
pD 7.2) (AJjax < 0.6 Hz and rms < 0.3 Hz). The 8 sets (at pD 1.8) and 9 sets (at pD 7.2) of mole fractions of N-
and S-type conformers at each pD were used to make the same number of van't Hoff plots. The average slopes
and intercepts of these van't Hoff plots are respectively: 0.02 (o = 0.04) and 0.23 (¢ = 0.12) (at pD 1.8), 0.09 (c
=0.04) and 0.21 (0 =0.12) (at pD 7.2).

a-L-T (25): ¥, (N) and W, (S) have been first constrained to the same value from 25° to 33° in 1° steps
{(at pD 7.2) and from 24" to 32" (at pD 11.9). Py and Pg optimized during these 9 PSEUROTs are -10" < Py <
7° and 156" < Pg < 192" (at pD 7.2), and in -17° < Py < (" and 148" < Pg < 191° 1.9) Ad 1u0nali'y, at

pD 7.2, Py of the minor N pseudorotamer has been aiso constrained to -30° < Py

WYn(N) fixed at 26°, 29° and 32° which resulted in 151° < Pg < 179° with 26° < W(S) < 33° (AJpax < 0.6 Hz
and rms < 0.3 Hz). The 18 sets (at pD 7.2) and 9 sets (at pD 11.9) of mole fractions of N- and S-type
conformers at each pD were used to make the same number of van't Hoff plots. The average slopes and
intercepts of these van't Hoff plots are respectively: 0.51 (¢ = 0.05) and -0.86 (¢ = 0.18) (at pD 7.2), 0.41 (o =
0.04) and -0.99 (0 = 0.16) (at pD 11.9).

B-L-T (27): W(N) and ¥4(S) have been constrained to the same value 6 in 17 steps
D 6.6) and from 30° to 36° (at pD 11 9) ~ and Pg optimized during these various PSEUROTS are -13° < Py
7° 2
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3
Hz and rms < 0.3 Hz). The 8 sets (at pD 6.6) and 7 sets (at pD 11.9) of mole fractions of N- and S-type
conformers at each pD were used to make the same number of van't Hoff plots. The average slopes and
intercepts of these van't Hoff plots are respectively: 0.14 (o = 0.14) and -0.02 (o = 0.40) (at pD 6.6), 0.28 (o =
0.08) and -0.25 (¢ =0.25) (at pD 11.9).
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