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Abstract: The anomeric and the gauche effects are two competing stercoelectronic forces that drive the North (N)
(C2'-ex0-C3'-endo) 2 South (S) (C2'-endo-C3'-ex0) pseudorotational equilibrium in nucleosides (ref 1). The
quantitation of the energetics of pD dependent N 2 S pseudorotational equilibria of the pentofuranose moiety in C-
nucleosides 1 - 7 shows that the strength of the anomeric effect of the constituent heterocyclic moiety at Cl' is
dependent upon the unique aromatic nature of the nucleobase, which is tuncd by the pD of the medium. The force that
drives the protonation 2 deprotonation equilibrium of the heterocyclic nucleobases in C-nucleosides is transmitied
through the anomeric effect to drive the two-state N2 S pseudorotational equilibrium of the constituent furanose (the
energy pump), which is supported by the following observations: (i) The enhanced strength (AAG298 ) of the
anomeric effect in the protonated (P) nucleoside compared to the neutral (N) form is experimentally evidenced by the
increased preference of N-type sugar conformation with pseudoaxial nucleobase by 2.0 kJ/mol for formycin B (1), 1.4
KJ/mol for formycin A (2), 1.4 kJ/mol for 9-deazaadenosine (3) and 1.9 kJ/mol for ‘P-isocytidine (4). (ii) In contrast,
the S-type sugar conformer, which places the nucleobase in pseudoequatorial orientation, is considerably more
preferred in the alkaline medium owing to the weakening of the anomeric effect in the N1 deprotonated (D) formycin
B, and N3-deprotonated W-isocytidine, ‘W—uridine and 1-methyl-\¥—undine compared (o the neutral counterparts by
AAG}N,D) of 0.2 kJ/mol for formycin B (1), 1.6 kJ/mol for W-isocytidine (4), 1.7 kJ/mol for W-uridine (5), 0.8 kJ/mol
for 1-methyl-W-uridine (6). (iii) The quantitation of the pD-dependent drive of N 2 S pseudorotational equilibria in
C-nucleosides 1 - 6 has allowed us w independently measure the pK, of the constituent heterocyclic nucleobases. (iv)
A simple comparison of AG % or AG %® or AG %¥ values of all C-nucleosides 1 - 7 (Table 1) with N-nucleosides (ref
1) shows that the C1' substituent promoted anomeric drive of N 2 S cquilibrium to N-sugar is weaker in C-
nucleosides than in N-nucleosides, but their respective flexibilities from the neutral to the protonated or to the
deprotonated state is completely aglycone-dependent. © 1997 Elsevier Science Ltd.

The structural characteristic of C-nucleosides, found ubiquitously in various tRNAsZ, is distinguished by
carbon-carbon bond linking the ribofuranosyl moiety to a heterocyclic base at the anomeric center. Many of
them are antibiotics and exhibit anticancer and/or antiviral activity3. The primary structure of a C-nucleoside
consists of a purine or a pyrimidine aglycone which is covalently bonded from C9 of purine or C5 of
pyrimidine to C1' of a D-ribopentofuranose in a B-configuration. While the aglycone moieties of the N-
nucleoside are directly involved in carrying the genetic information and its propagation in the replication
machinery by Watson-Crick or Hoogsteen hydrogen bonded base-pairing, very little is known about the
stereochemical role of C-nucleosides in biology in general, except for the fact that their presence in certain
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Scheme 1. The dynamic two-state pseudorotational equilibrium of the B-D-pentoluranose moiety is determined by the nature and
relative orientations of substituents.

tRNAs is absolutely vital to the biochemical function?. In contradistinction to our knowledge on the
thermodynamics of the stereoelectronic anomeric!:42-d.3-10 and gauche!-4¢-J effects in N-nucleosides, very little
is known about how the C-aglycone and the pentofuranose moiety form the steric and stereoelectronic
partnership, or why they are so important for the structural and functional role of tRNAs.

The strength of the anomeric effect in an N- or C-nucleoside can be assessed in a quantitative manner by
monitoring the preference of its sugar moiety for N-type (i.e. pseudoaxial aglycone) over S-type (i.e.
pseudoequatorial aglycone) conformation. We have shown by the detailed comparative analysis of
temperature-dependent conformational preferences of the two-state N & S sugar equilibrium (Scheme 1) in a
series of 1-deoxy-, 1,2-dideoxy- and 1,2,3-trideoxypentofuranoses with the furanose moieties in adenosine,
guanosine, ribothymidine, uridine and cytidine and their 2'-deoxy and 2',3'-dideoxy counterparts that the
strength of the anomeric effect in nucleosides is as follows: adenine < guanine < thymine < uracil <
cytosine!a.1l. We found that the N7 or N1 protonation of adenosine or guanosine (or their 2'-deoxy
counterparts) enhances the strength of the anomeric effect as evidenced by an increased preference of N-type
conformers compared with the situation at neutral pD. On the other hand, N1 or N3 deprotonation of
guanosine, uridine or ribothymidine (or of their 2'-deoxy counterparts) leads to an increased proportion of S-
type conformers, as a result of the reduction of the strength of the anomeric effect!™. These observations
clearly showed the followings: (i) The drive of the sugar N & S pseudorotational equilibria is indeed dictated
by the competing anomeric and gauche effects in N-nucleosides. (ii) The strength of the anomeric effect can be
tuned by the transmission of the energetics of the protonation 2 deprotonation equilibria of the heterocyclic
aglycone through the glycosyl-nitrogen, and (iii) the strengths of the gauche effects are controlled by the
electronegativity of the substituent. Thus, these works, for the first time, have given a clear rational of how the
local structure within a polynucleotide chain is controlled by the actual nucleobase composition. In this regard,
the base-base stacking, hydration, steric effects and inter- and intramolecular H-bonding as well as
conformational constraints such as those imposed by the ring closure as in the lariat-RNA are important.

Hence, it was of considerable interest to us to determine whether the observed unique pD-dependent
transmission of the energetics of the anomeric effect in N-nucleosides is also operative in case of C-
nucleosides. We argued that if the anomeric effect really exists in C-nucleosides, just as in N-nucleosides!", the
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change of the electronic character of the purine and pyrimidine bases in C-nucleosides 1 - 7 (either by
protonation or by deprotonation) should result in the modulation of its strength, which, in turn, should be
transmitted to alter the observable bias of the N 2 S pseudorotational equilibria. We here show, by the
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quantitation of the energetics of pD-dependent N2 S pseudorotational equilibria of the pentofuranose moiety
in 1 - 7, that (i) the strength of the anomeric effect of each C-nucleoside 1 - 6 is aglycone-dependent and
tunable depending upon the pD of the medium, due to the change in the aromatic character of its nucleobase,
(i1) the force that drives the protonationg deprotonation equilibrium of a heterocyclic aglycone in a particular
C-nucleoside also drives the two-state N2 S pseudorotational equilibrium of the constituent furanose through
the fine tuning of the anomeric effect, and owing to these reasons, (iii) an independent measurement of the pK,
of the constituent nucleobases in C-nucleosides has been possible by quantitation of the pD-dependent
energetics of the two-state N 2 S pseudorotational equilibria, and (iv) a comparison of AAG298pN; and
AAG298\ by amongst pyrimidine C- and N-nucleosides show that the anomeric tunability is 5-9 times more
pronounced in the pyrimidine C-nucleosides, whereas there is no significant difference in the anomeric
tunability between purine C- and N-nucleosides.
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Results
(I) Method to determine the thermodynamics of the dynamic N 2 S pseudorotational equilibria

The vicinal proton-proton coupling constants (3Jyy) of formycin B!! (1), formycin Al2 (2), 9-
deazaadenosine (3), W-isocytidine!3 (4), W -uridine!3 (5), 1-methyl-¥-uridine!3 (6) and 1,3-dimethyl-¥-
uridine!3 (7) in D,O solution were measured over a 278 - 358 K temperature range at a wide range of acidic,
neutral and alkaline conditions at ~0.5 pD unit intervals (0.5 < pD < 12.0). The data on 3Jyy variation at the
two extreme temperatures (278 and 358K) and at each pD are shown for all nucleosides 1 - 7 in Tables 2 - 5 in
the experimental section.

The temperature-dependent 3Jyyy in 1 - 7 at various pD values were interpreted in terms of a two-state N
2 S conformational equilibrium with the use of the computer program PSEUROT (ver. 5.4)14.19. Five
parameters are needed to describe the actual state of the N2 S conformational equilibrium (Scheme 1): the
phase angles of pseudorotation for N(Py) and S(Pg) pseudorotamers; the corresponding maximum puckering
amplitudes [\¥,(N) and W,,(S)]; and the molar fraction of S-type conformers (xg = 1 - xn). The conformational
hyperspace covered by the PSEUROT analyses and the resulting optimized geometries of N and S conformers
for all C-nucleosides 1 - 7 at various pDs are described in the experimental section as well as in Tables 6 - 12.

The mole fractions of S-type conformers at several temperatures throughout the 278 - 358 K range (10 K
step) at each pD, obtained through several pseudorotational analyses (typically 5000-20000, see experimental
section and Tables 6-12), were used in the subsequent van't Hoff type analyses to obtain the slopes and
intercepts. The averages of all these slopes and intercepts, shown in Tables 6-12 together with their
corresponding standard deviations, were used to calculate the average enthalpy (AH®) and the average entropy
(AS°) and subsequently the free energy values, AG™ = AH® - TAS® at 298 K of the N 2 § pseudorotational
equilibria in 1 - 7 at each pD. The AH", the -TAS" and the AG™" values at 298K of N 2
equilibrium in 1 - 7, as a function of pD, are presented in Tables 6 - 12 together with their corresponding
standard deviations, indicated in parentheses. The AH", the -TAS® and the AG™® values in Table 1 in the
protonated, neutral and deprotonated state of C-nucleosides 1- 7 are obtained by a standard Monte Carlo fitting
procedure to the minimum 2 value using the program proFit20, The signs of the thermodynamic parameters in
Tables 1, 6 - 12 are arbitrarily chosen! in such a way that the positive values indicate the drive of N2 S
equilibrium to N, whereas the negative values describe the drive toward S. The subscripts N, P or D denote
neutral, protonated or deprotonated state.

S pseudorotational

Since many steps, each with its own standard deviation (see the error estimation in the experimental
section), are involved in obtaining AG™® through van't Hoff type analysis, we have used a second approach to
calculate the AG™® values. In this approach, we have taken the average of the logarithms of the ratios of mole
fractions of S- and N-type conformers at 298K at each pD, indicated as In,, (xs/ (1- xs)), which corresponds to
2 to 3 % unit error in population of the S-type conformers. The free energy AG®® can then be directly
calculated from the average logarithm, In,,(xs / (1 - xg)), by using the Gibbs equation AGT = -(RT / 1000)in,,
(xs/ (1- xs)) where 1- xs = xN , R is the gas constant and T is the temperature. The free energies at 298 K,
obtained by using the formula AG® = R * 0208 * In,\(xs / (1- xs) ), are presented in the last column of

Tables 6-12 with their corresponding standard deviations in parentheses. The comparison of the AG™® values

obtained through the two above described procedures shows that their values are very similar, but their
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corresponding standard deviations are different. The second approach shows a smaller error because it does not
involve any linear regression analysis to obtain AG™E. Throughout this paper, we have used the AG™ values
obtained by the second approach. In this work, AG*® term has been employed to quantify the total anomeric
drive of the sugar conformation, which is the result of intrinsic stereoelectronic and steric component of the
aglycone (i.e. AH’ term), whereas AS® value represents the entropy of the system.

(II) The thermodynamics of pD-dependent N 2 S pseudorotational equilibria of C-nucleosides

We have earlier shown that the specific nature of glycosyl nitrogen in N-ribonucleosides 8 - 11 controls
N 2 S pseudorotational equilibria of the sugar moieties both by the distinct anomeric effect and the competing
gauche effect of [N-C1'-C2'-02'] fragment!a-" We have also shown earlier that in ribonucleosides the strength
of gauche effect in [N(pyrine)-C1'-C2-027 and [N(pyrimidine)-C1-C2-02'] fragments, which both drive the
pseudorotational equilibrium towards S-type conformations are different!2-n. It has been demonstrated by us
that protonation or deprotonation of a particular heterocyclic N-nucleobase in 8 - 11 reinforce or weaken the
strength of the intrinsic anomeric and {N-C1'-C2'-02'] gauche effects because of the change of electronic
character of the glycosyl nitrogen. The differences observed in AH®, AS® and AG298 values of the N2 §
equilibria in 8 - 11 at different pD values (see Table 1 and ref. 1n) reflect the combined changes in the drive
towards the N-type conformers by the anomeric effect and towards the S-type by the [N-C1'-C2'-O2'] gauche
effect.

In C-nucleosides, there is no [N-C1'-C2'-02'] gauche effect for obvious reasons. Hence, the drive of the
N 2 S pseudorotational equilibria by a particular heterocyclic nucleobase in C-nucleosides 1 - 7 at the neutral,
protonated or deprotonated state results only from the modulation of the strength of the anomeric effect. Thus,
the differences observed in AH*, AS® and AG298 values of the N 2 S equilibria in C-nucleosides 1 - 7 at
different pDs (Tables 6-12) reflect the change of the protonation 2 deprotonation equilibria, that tune the
electronic nature of the C-aglycone and consequently the strength of its anomeric effect, which, in turn, is
transmitted to dictate the AG® of the two-state N 2 S sugar equilibrium (the energy pump)!n.

(a) The energetics of N 2 S equilibria of the neutral C-nucleosides

The values of enthalpy (AH'\), entropy contribution (-TASy) and free-energy (AGN) of N 2 S equilibria
as well as populations of S-type sugars at 298K (%82%8) in the neutral states of 1 -7 are given in Table 1. In
the neutral states AH y values predominate in the drive of the N2 S equilibrium of formycin B (1), formycin
A (2), 9-deazaadenosine (3) and W-isocytidine (4) towards S-type conformations over the weaker entropy
contributions (-TASN) which oppose AHN term by favoring N-type (Table 1). In the case of ¥-uridine (5), 1-
methyl-¥-uridine (6) and 1,3-dimethyl-¥-uridine (7) AHy and -TASN contributions are of comparable
strength (Table 1), and they oppose each other. As a result, the N2 S pseudorotational equilibria in all C-
nucleosides 1 - 7 are controlled by negative AG% values which correspond to 53 - 88 % S at 298 K (Table 1).
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(b) The energetics of N 2 S equilibria of the protonated C-nucleosides

As the acidity of the solution increases, a shift of the N2
conformation (Tables 6 - 9) (i.e. pseudoaxial aglycone) is observed until the complete protonation of the
constituent heterocycle is achieved, as evident by the plateau of the N 2 S equilibria (Table 1 and Figs 1 - 7).
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Figure 1. (A) The plot of experimental AG™" values (from second approach, see text) for the N 2 § pseudorotational equilibrium
of formycin B (l)masxs a function of pD (Table 6). The sigmoidal curve is the best iterative least-squares fit of the 16 pD-dependent
experimental AG™ values for formycin B (1) and these data are used in the Hill plots presented in panel B and C to determine the
PKa values of the aglycone (see experimental section). (B) The straight line (R=0.868) has a slope of 0.8 (¢ = 0.4) and pK, of 9.1
(6 =0.2). (C) The straight line (R=0.980) has a slope of 1.0 (5 = 0.1) and pK, of 1.4 (5 =0.1). (D) The plot of pD-dependent 'H
chemical shifts at 208K of H2 for formycin B (1), showing a sigmoidal curve which is the best iterative least-squares fit of the 16 pD-
dependent experimental chemical shifts for formycin B (1). These data are used in the Hill plot presented in panel E to determine
independently the pKj value of the aglycone (see experimental section). (E) The straight line (R=0.975) has a slope of 1.0 (¢ =0.1)
and IgK of 1.3 (6 =0.1). (F) Plots of the correlation of the pD-dependent 'H chemical shifts at 298K as a function of pD-dependent
for the N2 S pseudorotational equilibrium of formycin B (1) showing straight lines. The line (----), showing the correlation
from pD=0.5 to 7.6, has a correlation coefficient of 0.914, a slope of 0.07 (¢ = 0.01) and an intercept of 8.20 (o = 0.04). The line
(....), showing the correlation from pD=7.6 10 11.2, has a correlation coefficient of 0.997 a slope of 0.54 (o = 0.01) and an intercept
of 9.72 (o = 0.03). (G) The plot of experimental AH® values for the N 2 S pseudorotational equilibrium of formycin B (1) as a
function of pD (Table 6). The sigmoidal curve is the best iterative least-squares (it of the 16 pD-dependent experimental AH® values
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for formycin B (1). (H) The plot of experimental -TAS® values for the N 2 S pseudorotational equilibrium of formycin B (1) asa
function of pD (Table 6). The sigmoidal curve is the best iterative least-squares fit of the 16 pD-dependent experimental
-TAS®values for formycin B (1).

In the fully protonated state, the N2 S pseudorotational equilibria of formycin B (1), formycin A (2) and 9-
deazaadenosine (3) are characterized by less negative AG23® values in comparison with the corresponding
AGR} (Table 1), but for W-isocytidine (4) the AG%® value is even positive compared with its AGRP. This

(A) (B)
AOO OO S PR TR | P B 6.0 1 ! ! n L L ]
5107 - 5.0 .
§'2-° ] L 4 40 .
830 1 & ] .
; | 30 F
340 - [ i
— 2.0 —
00 40 80 120 20 <10 00 10
pD 10g(AAG" 1o-AAG/AAG?)
<) (D) (E)
P I B 60 —du L0 1 10 ob—v v 4
E 83 4 S, ! ; .|
;: 1 L -] " 100 .
Q 79 H L 240 1 m ~ ] . N
g 1 2 904
T b ' 3.0 r ] r
“© 75 - 1
— T 20— 17— 8.0 +—————1————
00 40 80 120 -0 05 00 05 40 05 00 05 1.0
pD l0g(ASH2,,-ABH2/ASH2) [0g(ABH2,,-ASH2/ASH2)
(F) (G) (H)
. 1 . ! P S N =~ PR S S
0.0 - L g | L
83 - T S F £ 60 I
= o g 20 -2, ;
— .o - - . — =
& o0 i -4.0 ': gg 4 -
S 814 o - = 60 L & 20 -
o] a o] ] i | L
© . r < 8.0 -9
] C 2 0.0 -
8.0 —r — ~ ——
40 3.0 20 00 40 80 120 00 40 80 120
AG® (kJ/mol) pD pD

Figure 2. (A) The plot of experimental AG2%3 values (from second approach, see text) for the N 2 S pseudorotational cquilibrium
of formycin A (2) as a function of pD (Table 7). The sigmoidal curve is the best iterative lcast-squares fit of the 14 pD-dependent
experimental AGZ98 values for formycin A (2) and these data are used in the Hill plot presented in panel B to determine the pKq
value of the aglycone (see experimental section). (B) The straight line (R=0.985) has a slope of 1.1 (¢ = 0.3) and pKz of 4.5 (G =
0.2). (C) The plot of pD-dependent 1H chemical shifts at 298K of H2 for formycin A (2), showing a sigmoidal curve which is the
best iterative least-squares fit of the 14 pD-dependent experimental chemical shifts for formycin A (2). These data are used in the
Hill plots presented in panel D and panel E to determine independently the pKa values of the aglycone (see experimental section).
(D) The straight line (R=0.961) has a slope of 1.2 (¢ = 0.2) and pK_ of 4.4 (¢ = 0.1). (E) The straight line (R=0.987) has a slope of
1.1 (6 = 0.1) and pKa of 9.5 (¢ = 0.1). (F) Plot of the correlation of the pD-dependent 1H chemical shifts at 298K as a function of
pD-dependent AG2%8 for the N 2 S pseudorotational equilibrium of formycin A (2) showing a straight line with a correlation
coefficient of 0.983, a slope of 0.13 (¢ = 0.01) and an intercept of 8.63 (o= 0.03). (G) The plot of experimental AH® values for the
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N 2 § pseudorotational equilibrium of formycin A (2) as a function of pD (Table 7). The sigmoidal curve is the best iterative least-
squares fit of the 14 pD-dependent experimental AH® values for formycin A (2). (H) The plot of experimental -TAS® values for the
N 2 S pseudorotational equilibrium of formycin A (2) as a function of pD (Table 7). The sigmoidal curve is the best iterative least-
squares fit of the 14 pD-dependent experimental -TAS°values for formycin A (2).

indicates a preference for N-type conformer (Table 1) in the protonated state. For formycin B (1) the AH p and

the -TASp contributions are comparable and act in a cooperative manner. The negative AHp values in the fully
protonated states drive the N 2 S equilibrium in formycin A (2) and 9-deazaadenosine (3) still towards S-type
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Figure 3. (A) The plot of experimental AG™® values (from second approach, see text) for the N2 S pseudorotational equilibrium
of 9-deazaadenosine (3) as a functinn of pD (Table 8). The sigmoidal curve is the best iterative least-squares fit of the 13 pD-
dependent experimental AG™ values for 9-deazaadenosine (3) and these data are used in the Hill plot presented in panel B to
determine the pKy value of the aglycone (see experimental section). (B) The straight line (R=0.950) has a slope of 0.9 (¢ = 0.2) and
pK, of 5.9 (6 = 0.2). (C) The plot of pD-dependent IH chemical shifts at 298K of H2 for 9-deazaadenosine (3), showing a
sigmoidal curve which is the best iterative least-squarcs fit of the 13 pD-dependent experimental chemical shifts for 9-
deazaadenosine (3). These data are used in the Hill plots presented in panel D to determine independently the pKj value of the
aglycone (see experimental section). (D) The straight line (R=0.997) has a slope of 1.1 (6= 0.1) and pK, of 6.0 (¢ = 0.1). (E) Plot
of the correlation of the pD-dependent 1Y chemical shifts at 298K as a function of pD-dependent AG™ forthe N 2 S
pseudorotational equilibrium of 9-deazaadenosine (3) showing a straight line with a correlation coefficient of 0.982, a slope of 0.17 (o
=0.01) and an intercept of 8.98 (o = 0.05). (F) The plot of experimental AH® values for the N2 S pseudorotational equilibrium of
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9-deazaadenosine (3) as a function of pD (Table 8). The sigmoidal curve is the best iterative least-squares fit of the 13 pD-dependent
experimental AH® values for 9-deazaadenosine (3). (G) The plot of experimental -TAS® values for the N2 $ pseudorotational
equilibrium of 9-deazaadenosine (3) as a function of pD (Table 8). The sigmoidal curve is the best iterative least-squares fit of the 13
pD-dependent experimental -TASCvalues for 9-deazaadenosine (3).

conformations and predominate over the weaker and counteracting -TASp (Tablel). For W-isocytidine (4) the
positive AH p value in the fully protonated state drives the sugar towards N-type conformation, and the
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Figure 4. (A) The plot of experimental AG™" values for the N2 S pseudorotational equilibrium of ‘P-isocytidine (4) as a function
of pD (Table 9). The sigmoidal curve is the best iterative least-squares fit of the 15 pD-dependent experimental AG”" values for ‘¥-
isocytidine (4) and these data are used in the Hill plots presented in panel B and C to determine the pKg values of the aglycone (see
experimental section). (B) The straight line (R=0.998) has a slope of 1.1 (5 = 0.5) and pK, of 3.6 (¢ = 0.1). (C) The straight line
(R=0.996) has a slope of 0.9 (o = 0.1) and pK, of 9.2 (¢ = 0.1). (D) The plot of pD-dependent H chemical shifts at 298K of H6 for
W-isocytidine (4) , showing a sigmoidal curve which is the best iterative least-squares fit of the 15 pD-dependent experimental
chemical shifts for W-isocytidine (4). These data are used in the Hill plot presented in panel E to determine independently the pKa
value of the aglycone (see experimental section). (E) The straight line (R=0.946) has a slope of 1.1 (¢ = 0.4 and pK, of 3.6 (¢ =
0.2). (F) Plots of the correlation of the pD-dependent H chemical shifts at 298K as a function of pD-dependent AG™ for the N2 S
pseudorotational equilibrium of ¥-isocytidine (4) showing straight lines. The line (----), showing the correlation from pD=2.110 7.7,
has a correlation coefficient of 0.990 a slope of 0.03 (6 = 0.01) and an intercept of 7.70 (¢ = 0.01). The line (....), showing the
correlation from pD=7.7 to 11.3, has a correlation coefficient of 0.969 a slope of 0.01 (6 = 0.01) and an intercept of 7.68 (¢ = 0.01).
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(G) The plot of experimental AH® values for the N 2 S pseudorotational equilibrium of -isocytidine (4) as a function of pD (Table
9). The sigmoidal curve is the best iterative least-squares fit of the 15 pD-dependent experimental AH® values for -isocytidine (4)
(H) The plot of experimental -TAS® values for the N 2 S pseudorotational equilibrium of P-isocytidine (4) as a function of pD
(Table 9). The sigmoidal curve is the best iterative least-squares fit of the 15 pD-dependent experimental -TAS°values for -
isocytidine (4) .

opposing -TASp is of comparable strength. The shift towards more N-type conformations in 1 -4 upon

complete protonation signifies overall tunability of the strength of the anomeric effect as the protonated
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Figure S. (A) The plot of experimental AG™ values for the N 2 S pseudorotational equilibrium of W-uridine (5) as a function of
pD (Table 10). The sigmoidal curve is the best iterative least-squares fit of the 9 pD-dependent experimental AG” values for -
uridine (5) and these data are used in the Hill plot presented in panel B to determine the pKy value of the aglycone (see experimental
section). (B) The straight line (R=0.970) has a slope of 0.9 (c = 0.2) and pK, of 9.4 (6 = 0.1). (C) The plot of pD-dependent H
chemical shifts at 298K of H1' for W-uridine (5), showing a sigmoidal curve which is the best iterative least-squares fit of the nine
pD-dependent experimental chemical shifts for ‘P-uridine (5). These data are used in the Hill plots presented in panel D to determine
independently the pKp value of the aglycone (see experimental section). (D) The straight line (R=0.944) has a slope of 1.6 (¢ = 0.4)
and pK, of 9.1 (o = 0.3). (E) Plot of the correlation of the pD-dependent 'H chemical shifts at 298K as a function of pD-dependent
AG™ for the Ng S pseudorotational equilibrium of ¥-uridine (5) showing a straight line with a correlation coefficient of 0.978, a
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slope of 0.03 (¢ = 0.01) and an intercept of 4.63 (o = 0.01). (F) The plot of experimental AH® values for the N2 S pseudorotational
equilibrium of ‘P-uridine (5) as a function of pD (Table 10). The sigmoidal curve is the best iterative least-squares fit of the 9 pD-
dependent experimental AH® values for W-uridine (5). (G) The plot of experimental -TAS® values for the N2 S pseudorotational
equilibrium of ‘¥-uridine (5) as a function of pD (Table 10). The sigmoidal curve is the best iterative least-squares fit of the 9 pD-
dependent experimental -TAS°values for W-uridine (5).

aglycone takes up more pseudoaxial orientation, which can be quantified by the subtraction of AG 3 from

AG 238 (i.e. AAG298p ;). This shows that, from the neutral to the protonated state, the preference for the

pseudoaxially oriented aglycone in the N-type sugar has increased by 2.0 kJ/mol for formycin B (1), 1.4 kJ/mol
for formycin A (2), 1.4 kJ/mol for 9-deazaadenosine (3) and 1.9 kJ/mol for ‘F-isocytidine (4).
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Figure 6 (A) The plot of experimental AG™" values for the N 2 S pseudorotational equilibrium of 1-methyl-*¥-uridine (6) as a
function of pD (Table 11). The sigmoidal curve is the best iterative least-squares [it of the 9 pD-dependent experimental AG™ values
for 1-methyl-¥-uridine (6) and these data are used in the Hill plot presented in pancl B to determine the pKy value of the aglycone
(see experimental section). (B) The straight line (R=0.968) has a slope of 1.0 (¢ = 0.2) and pK, of 9.9 (g = 0.1). (C) The plot of
pD-dependent 1H chemical shifts at 298K of H6 for 1-methyl-\P-uridine (6), showing a sigmoidal curve which is the best iterative
least-squares fit of the nine pD-dependent experimental chemical shifts for 1-methyl-W-uridine (6). These data are used in the Hill
plots presented in panel D to determine independently the pKj value of the aglycone (see experimental section). (D) The straight line
(R=0.988) has a slope of 0.9 (6 = 0.1) and pK, of 9.7 (¢ = 0.1). (E) Plot of the corrclation of the pD-dependent 1H chemical shifts at
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298K as a function of pD-dependent AG™ for the N2 S pseudorotational equilibrium of 1-methyl-W-uridine (6) showing a straight
line with a correlation coefficient of 0.987, a slope of 0.24 (¢ = 0.01) and an intercept of 7.86 (o = 0.02). (F) The plot of
experimental AH® values for the N2 S pseudorotational equilibrium of 1-methyl-W-uridine (6) as a function of pD (Table 11). The
sigmoidal curve is the best iterative least-squares fit of the 9 pD-dependent experimentat AH® values for 1-methyl-W-uridine (6).
(G) The plot of experimental ~TAS® values for the N 2 S pseudorotational equilibrium of 1-methyl-¥-uridine (6) as a function of

pD (Tabie 11). The sigmoidal curve is the best iterative least-squares fit of the 9 pD-dependent experimental -TAS°values for 1-
methyl-\V-uridine (6).

(c) The energetics of N 2 S equilibria of the deprotonated C-nucleosides

Upon deprotonation, the N 2 S equilibria in formycin B (1), ¥-isocytidine (4), W-uridine (5), 1-methyl-
¥-uridine (6) are shifted towards S-type conformations (i.e. pseudoequatorial aglycone), which is reflected in
the decrease of AH" and AG298 values (Tables 6, 9 - 11). The negative AH pyin the fully deprotonated state
drive the N2 S equilibrium in all cases towards S-type conformations and predominates over the weaker
opposing -TASp contributions (Table 1). The subtraction of (AG%) from the corresponding values in the

(A) (B)
~ 10 PR T S 789 1 1w |
: 4 :
5 1 L é 7.79 C
¥ 0.0 Lo ¥ 769 j S
[+ a XN L
e — 4 a
) | I e 7% i
3 &
1.0 T 7.50 A————— :
0.0 4.0 8.0 12.0 0.0 4.0 8.0 12.0
pD pD
(D) (E)
40 4—s 1 1] Z -0
E
o4 a0y g ¢ g
o e I
Y L : I | Il
< 1 g 1
0.0 —— O
0.0 4.0 8.0 12.0 0.0 4.0 8.0 12.0
pD pD

Figure 7 (A) The plot of experimental AG™ values forthe N2 § pscudorotational equilibrium of 1,3-dimethyl-¥-uridine (7) as a
function of pD (Table 12). (B) The plot of LH chemical shifts at 298K of H6 for 1,3-dimethyl-¥-uridine (7) as a function of pD. (C)
The plot of experimental AH® values for the N 2 S pseudorotational equilibrium of 1,3-dimethyl-W-uridine (7) as a function of pD
(Table 12). (D) The plot of experimental -TAS®values for the N 2 S pscudorotational equilibrium of 1,3-dimethyl-W-uridine (7) as
a function of pD (Table 12).

neutral state (AGZR®) (i.e AAG’yp)) shows that the energetic preference for the pseudoaxial orientation of the

aglycone (as evident by the decrease of N-type conformer population) has weakened by 0.2 kJ/mol for
formycin B (1), 1.6 kJ/mol for W-isocytidine (4), 1.7 kJ/mol for W-uridine (5) and 0.8 kJ/mol for 1-methyl-¥-

uridine (6).
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(d) The energetics of the tunability of the drive of N 2 S equilibrium is C-aglycone dependent

(i) The tunability of the anomeric effect promoted drive of N 2 S equilibrium from the neutral to the
protonated or to the deprotonated state, i.e. AAG298 (py or AAG298 (N, is experimentally evidenced by the
increased preference of N-type sugar with pseudoaxial aglycone orientation or S-type with pseudoequatorial
aglycone, respectively. Thus, AAG298p , is 2.0 kJ/mol for formycin B (1), 1.4 kJ/mol for formycin A (2) and
1.4 kJ/mol for 9-deazaadenosine (3), which is comparable with those of adenosine (1.3 kJ/mol) and guanosine
(3.0 kJ/mol). This means that the anomeric tunability of the C- and N-purines are quite comparable. The only
exception we have found so far is for AAG298y p, for formycin B (1) (0.2 kJ/mol) and for guanosine (9) (1.3
kJ/mol), where the tunability of a purine N-nucleoside is ~ 6 times more than a C-nucleoside.

(ii) In contrast, the AAG298p Ny is 1.9 kJ/mol for W-isocytidine (4) and 0.4 kJ/mol for cytidine (10),
which means that the anomeric tunability is ~5 times larger for the former. Similarily, the AAG298n.p) is 1.7
kJ/mol for W-uridine (5) and 0.2 kJ/mol for uridine (11), which is again 8.5 times larger for a pyrimidine C-
nucleoside compared to an isosteric N-nucleoside.

(e) The comparison of the N 2 S equilibrium in purine and pyrimidine C-nucleosides

Purine C-nucleosides [79% S for (1), 80% S for (2) and 88% S for (3)] have more preference for S-type
conformation compared to pyrimidine counterparts [63% S for (4), 57% S for (5) and (6), and 53% S for (7)],
which is very similar to the situation in N-nucleosides [67% S for adenosine (8), 65% S for guanosine (9), 35%
§ for cytidine (10) and 47% for uridine (11)]. Thus the comparison of the magnitude of counteracting AH® and
AS’ contribution to AG” in C- or N-purine nucleosides versus pyrimidine counterparts gives the relative balance
of N 2 S equilibrium. A perusal of values of AH® and AS® values in Table 1 show that more negative AH® and
AS° values mean a shift of N 2 S equilibrium to more S-type as 4 result of weaker anomeric effect as found in
purine C- and N-nucleosides. Table 1 also shows that a more positive AH® and AS® shift the N< S equilibrium

to more N-type sugar as a result of stronger anomeric effect in pyrimidine C- and N-nucleosides.

() The energetics of the N 2 S equilibrium are different for each purine C-nucleoside

(i) The AG?98 driving the N & S equilibrium in purine C-nucleosides both in the neutral and in the
protonated state are in the following order: formycin B (1) (AGR? = -3.3 kJ/mol; AG%? = -1.3 kJ/mol) =
formycin A (2) (AGR® = -3.4 kJ/mol; AGZ® = -2.0 kJ/mol) < 9-deazaadenosine (3) (AGR? = -5.0 kJ/mol;
AG% = -3.6 kJ/mol).

(ii) A comparison of pK, between formycin A (2) (pKj4.4) and 9-deazaadenosine (3) (pKj 5.9) reveal
that the fused pyrazolo ring in the former has more deactivating influence on the constituent pyrimidine ring
than the fused pyrrole ring in the latter. This means that the pyrazolo ring in formycin A (2) is more electron-
deficient than the pyrrole in 9-deazaadenosine (3). This is the reason why the anomeric effect is stronger both
in the neutral and protonated formycin A (2) than in 9-deazaadenosine (3). A similar structural comparison
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between neutral formycin B (1) (pKj 1.4) and formycin A (2) (pK; 4.4) shows why the former is less basic
than the latter. This is due to the electron-withdrawing amide function in the pyrimidine part in formycin B (1)
compared with the electron-donating amidine function in formycin A (2). This structural difference between
these two formycin analogs in the fused pyrimidine part does not result in a different electron-deficient
character of the constituent pyrazole moiety, hence their anomeric effect at the neutral state is very comparable
as evident by their comparable AG® value (AG ¥ = -3.3 kJ/mol and -3.4 kJ/mol, respectively). The
stabilization of their N3H* form is however quite different: In the protonated formycin A (2), the N3H* charge
is stabilized by the delocalization through the amidine moiety. In the formycin B (1), on the other hand, the
positive charge at N3 is relatively more localized which makes the constituent pyrazole ring relatively more
electron-deficient than that of formycin A (2). Hence the anomeric drive of the N2 S equilibrium is stronger
in formycin B (AG%g? = -1.3 kJ/mol) (1) than in formycin A (2) (AG%® = -2.0 kJ/mol).

(g) The energetics of the N 2 S equilibrium are different for each pyrimidine C-nucleoside

(i) The effect of the change of C1' aglycone in C-nucleosides is most clearly observed in the pyrimidine
analogs compared to the purine counterparts. This is evident from the comparison of the structural
characteristics of the pyrimidine moiety in formycin B (1) and formycin A (2), in one hand, and ¥-isocytidine
(4) and W-uridine (§), on the other: The amide function in formycin B (1) and W-uridine (5) is the same, which
is simply substituted by the amidine function giving formycin A (2) and W-isocytidine (4), respectively. A
comparison of their AGKR® shows that they are almost the same for formycin B (1) and formycin A (2) (-3.3
kJ/mol and -3.4 kJ/mol, respectively), whereas the AGR® for W-uridine (5) and W-isocytidine (4) are -0.6
kJ/mol and -1.4 kJ/mol, respectively. This shows that the transmission of the

o 0 0
H, H, _
NP NP NN
oH g oH g oH g ¢
o O  ow- o o 0 o
H+
OH OH OH OH OH OH
| |
H+
Scheme 2

electronic changes from the pyrimidine part of the purine C-nucleoside to drive the sugar conformation is
poorer than the transmission from the directly connected pyrimidine aglycone, which also is the reason why
small changes in the electronic character of the pyrimidine moiety in pyrimidine C-nucleosides are easily
reflected by AG?® of the dynamic N 2 S equilibrium.

(ii) A comparison of AG %§ and AG 28 of W-isocytidine (4) (AGR® = -1.4 ki/mol; AG?E = -3.0 kJ/mol)
and ¥-uridine (5) (AG%? = -0.6 kJ/mol; AG?® = -2.3 kJ/mol), both in their neutral and deprotonated forms,

shows that the pyrimidine aglycone in the former is more pseudoequatorial than in the latter. This is because
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the pyrimidine moiety in V'-isocytidine (4) is more electron-rich in both neutral and protonated forms compared
to the counterparts in W-uridine (§), hence the anomeric effect driven N2 S equilibrium to N-form is weaker
in the former than in the latter.

(iii) The anomeric drive of N2 S equilibrium of the neutral ¥-uridine (5) and 1-methyl-¥-uridine (6) is
comparable (AG 2 = -0.6 kJ/mol and -0.7 kJ/mol, respectively), but their anionic forms drive the sugar
conformation in a considerably different manner. This is because of the larger delocalization of N1 or/fand N3
negative charge(s) over the whole ring in deprotonated ¥-uridine (5) (Scheme 2), thereby enhancing the
negative charge at C1'. This pushes the aglycone of ¥-uridine (5) into more pseudoequatorial form than that of
1-methyl-‘P-uridine (6). The net result of this is a reduction of the strength of the anomeric effect in W-uridine
(6) compared to 1-methyl-¥-uridine (6).

(h) The energetics of the drive of N 2 S equilibrium are weaker in C-nucleosides than in N-nucleosides

A simple comparison of AGRE, AG?3® or AG%} values of all C-nucleosides 1 - 7 (Table 1) with N-
nucleosides shows that the C1' substituent promoted anomeric drive of N 2 S equilibrium to N-sugar is
weaker in C- than in N-nucleosides, but their respective flexibilities from the neutral to the protonated or to the
deprotonated state is completely aglycone-dependent [see section (I1)(d)].

(III) The quantitation of the anomeric effect in C-nucleosides

The anomeric effect (i.e. AH® term) of C-aglycones on the drive of the two-state N2 S pseudorotational
equilibrium in C-nucleosides consists of two counteracting contributions from (i) the stereoelectronic n(04') —
G*C1'-C(sp2) interactions between O4' lonepair and the o* of Cl1 -C(sp?) fragment orbital in the gauche-gauche
conformation, which place the aglycone in the pseudoaxial orientation, and (ii) the inherent steric effect of the
nucleobase, which opposes the stereoelectronic component of the anomeric effect by its tendency to take up the
pseudoequatorial orientation. The actual strength of the anomeric effect that promotes the drive of N 2 S
equilibrium can be however obtained in a quantitative manner by a simple subtraction of AH® of a specific C-
nucleoside (Table 1) from the AH” of the N 22 § pseudorotational drive of 1-deoxy-[B-D-ribopentofuranose (12)
(AH" = 0.4 kJ/mol)1a,

(1) Thus, the strengths of the anomeric effects of neutral C-nucleosides are as follows: formycin B (1) (-
8.5 kJ/mol), formycin A (2) (-8.5 kJ/mol), 9-deazaadenosine (3) (-14.6 kJ/mol), W-isocytidine (4) (-2.3
kJ/mol), ‘P-uridine (§) (0.3 kJ/mol), 1-methyl-¥-uridine (6) (1.2 kJ/mol) and 1,3-dimethyl-¥-uridine (7) (1.6
kJ/mol).

(ii) In the acidic pD, the strengths of the anomeric effects of the protonated C-nucleosides are as follows:
formycin B (1) (-0.9 kJ/mol), formycin A (2) (-2.8 kJ/mol), 9-deazaadenosine (3) (-7.8 kJ/mol), ¥-isocytidine
(4) (3.8 kl/mol).

(ii1) In the alkaline pD, the strengths of the anomeric effects of the deprotonated C-nucleosides are as
follows: formycin B (1) (-9.2 kJ/mol), formycin A (2) (-8.5 kJ/mol), ¥-isocytidine (4) (-8.3 kJ/mol), \P-uridine
(5) (-4.9 kJ/mol) and 1-methyl-¥-uridine (6) (-3.4 kJ/mol).
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From the above observations, the following can be concluded about the nature of the pD-tunable strength of the
anomeric effect: (a) The strength of the anomeric effect of the C-nucleosides is tunable depending upon
whether they are in the neutral, protonated or the deprotonated state. (b) The stereoelectronic component of the
anomeric effect in purine C-nucleosides (1 - 3) is relatively small compared to the steric component in the
neutral and in the deprotonated states. (c) In protonated purine-C-nucleosides, the stereoelectronic effect
becomes stronger than in the neutral state but it is still overriden by the steric component. (d) In pyrimidines (§
- 7), the stereoelectronic component becomes stronger than the steric counterpart in the neutral state, whereas
in the deprotonated pyrimidines (4 - 6), the stereoelectronic effect is decreasing and it is overriden by the steric
effect. (e) In protonated W-isocytidine (4), the stereoelectronic component overrides the steric component and

mainly contributes to the anomeric effect.

(IV) Determination of the pK, from the pD-dependent thermodynamics of the two-state N 2 S
pseudorotational equilibrium in C-nucleosides

The plot of AG®® values (Tables 6-12) for the N2 S pseudorotational equilibrium as a function of pD displays
a sigmoidal dependence characteristic of a typical titration curve for all C-nucleosides, except for 7 (Figs. 1-7).
The curves through the experimental points were fitted with the use of non-linear least-squares fitting
procedure to the Henderson-Hasselbach equation: pD = pKy + log (1-a/a ), where o representing the fraction
of protonated species!5 was calculated from the change in AG™® relative to the reference neutral state at a
given pD, i.e. AAG®®, divided by the total change in their respective values between the neutral and the
protonated or the deprotonated state (AAGH ) This equation can then be rewrittten into the Hill equation as
pD = pKa + log (AAGES - AAG™*)7 AAG™® ). The pK, values for 1 - 6 were thus determined through Hill
plots of pD versus the logarithm of (AAGKS, - AAG™®) / AAG™). Linear regression has given straight lines
with Pearson's correlation coefficients (R) above 0.96 and the slopes close to one, which is a characteristic
indication for the protonation involving a single protonation site, and pK, values were obtained at the
intercepts (Figs. 1-6; Table 1 and see experimental section). For formycin B (1), R = (0.868. This is because of
the error involved in the measurement of a very small variation of temperature-dependent 3]y which gives a
very small change in AG*® with variation of pD throughout the alkaline pD range. The plots of counteracting
AH" and -TAS® that contribute to AG*® are also shown as a function of pD, and they also show sigmoidal
curves giving same pKss at the inflection points as the sigmoidal plots obtained from AG™* (Figs 1-6)

The pKj values in 1 - 6 were also independently determined in a conventional manner by monitoring the
TH-NMR chemical shifts of the non-exchangeable aromatic and anomeric protons as a function of pD of the
solution at 298 K (Figs 1-6 and Table 1). The corresponding Hill plots are presented in Figs. 1- 6, and the
values of o are now calculated from the change in chemical shift values relative to the reference neutral state at
a given pD, divided by the total change in their respective values between the neutral and the protonated or the
deprotonated state (see experimental section). Note that the pK, values calculated from the thermodynamic
parameters of N 2 S pseudorotational equilibria in 1 - 6 and the pK,s from A8 in lH-NMR resonances

chemical shifts are virtually identical11,12,
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(V) The transmission of the energetics of the protonation 2 deprotonation equilibrium drives the pD-
dependent thermodynamics of the two-state N 2 S pseudorotational equilibrium of the sugar in C-
nucleosides through the tuning of the anomeric effect

The fact that the AG® of the protonation 2 deprotonation equilibrium also drives the N 2 S pseudorotational
equilibria is proven by the correlation plot of AS(1H) as a function of AG298 of N 2 S pseudorotational
equilibria in 1 - 6, which gives a straight line (Fig. 1 - 6). The Pearson correlation coefficient (R) for the linear
relationship between AS(1H) versus AG298 of N S pseudorotational equilibria in 1 - 6 in Fig. 1 -6 was
found to be larger than 0.96 for all nucleosides, except for formycin B (1, R = 0.91) because of the smaller
variation of AG298 over the basic pD range (Fig. 1 - 6). The direct correlation of protonation 2 deprotonation
equilibrium of the aglycone with the two-state N2 S pseudorotational equilibrium of the sugar in various C-
nucleosides found in this work prooves that the force driving the protonation 2 deprotonation equilibrium of
the heterocycle is also transmitted through the anomeric effect to drive the two-state N 2 S pseudorotational
equilibrium.

Conclusions

We here for the first time have quantified the influence of the pD on the strength of the anomeric effect in
C-nucleosides, and shown how it modulates the intrinsic bias of the two-state N 2 S pseudorotational
equilibrium of their sugar moieties.

(1) The structural differences, as pointed out above, between the C-nucleosides (1 - 7), are completely
reflected in their different AG298 values for N @ S pseudorotational equilibrium, which are in the following
increasing order: 9-deazaadenosine (3) < formycin A (2) < formycin B (1) < W-isocytidine(4) < ‘¥-uridine (5) <
1-methyl-¥-uridine (6) < 1,3-dimethyl-‘¥-uridine (7).

(2) The C-nucleosides show a weaker anomeric drive of N 2 S equilibrium compared to the N-
counterparts.

(3) The protonation (or deprotonation) of the nucleobase in C-nucleosides results in an increased (or
decreased) shift of the N &2 S pseudorotational equilibrium towards N conformations, showing the
interdependency of the change of the electronic nature of the nucleobases with the dynamic conformational
characteristics of the constituent pentose sugar through the transmission of the change of the strength of the
anomeric effect. We expect that various metal ions binding to various nucleobases of C-nucleosides will bring
about a change of the local structure equivalent to protonation or deprotonation. The change of the local
structure upon such metal ion binding will be dictated by the softness or the hardness of the metal ion, its
binding site as well as by the pK; of the nucleobase, which in turn is expected to be tuned by the local
microstructure of the tRNA. The tunability of the purine C-nucleosides from the neutral to the protonated or
deprotonated state is comparable with the purine N-nucleosides, but the tunabilities are considerably different
for the pyrimidine series. The pyrimidine C-nucleosides are much more flexible than the pyrimidine N-
nucleosides, which has a considerable implication in the structural flexibility of some tRNAs: It is known that
Y-uridine (5) is present ubiquitously in tRNA, and that certain tRNAs deficient in W-uridine are incapable of
participating in protein synthesis2. This implies that ¥W-uridine is more locally vulnerable to take up different
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conformations, depending upon the microstructure and environment, to have certain local changes that
facilitate certain cooperative conformational changes that are globally necessary for quantitative and correct
biological activity of the molecule.

(4) The shift of the N2 S equilibrium of the pentofuranosyl moiety in C-nucleosides as a function of pD
displays a sigmoidal behaviour characteristic of a titration curve. Subsequent calculation of the pD values at the
inflection points of the titration curves are in accordance with pKjy values of the protonation and deprotonation
of the nucleobases available in the literature! 12, and those calculated from the pD dependent aromatic and H1'
chemical shifts. The direct correlation of protonation 2 deprotonation equilibrium of the aglycone with the
two state N 2 § pseudoequatorial equilibrium prooves that the force driving the protonation & deprotonation
equilibrium is also transmitted through the anomeric effect to drive the two state N2 S pseudoequatorial
equilibrium (the energy pump).

(4) The known X-ray crystal structures of C-nucleosides!® do not reveal any anomeric effect. We have
herein provided a first irrefutable experimental evidence of the existence of the tunable anomeric effect in C-
nucleosides because of the fact that the AG"® of the protonationg deprotonation equilibrium of the aglycone is
indeed transmittable to drive the two state N2 S pseudoequatorial equilibrium as a result of unique nature of
sp2 hybridized C-aglycone at the C1' of the pentose sugar (the stereoelectronic n(04")— G*C1'-C(sp2)
interactions).

Experimental Section

(A) TH-NMR spectroscopy

IH-NMR spectra were recorded at 500 MHz (Bruker DRX 500) in D,O solution [1 mM for all compounds,
5CH3CN = 2.00 ppm as internal reference] between 278 K and 358 K at 10 K intervals in the following pD
ranges: 0.5 - 11.2 for 1 (16 pDs, see Table 2), 2.2- 11.0 for 2 (14 pDs, see Table 2), 3.2 - 11.6 for 3 (13 pDs,
see Table 3), 1.7 - 11.3 for 4 (15 pDs, see Table 4), 2.5 - 11.8 for 5 (9 pDs, see Table 4), 2.5 - 12.0 for 6 (9
pD's, see Table 5), 2.5 - 12.0 for 7 (3 pD's, see Table 5). The pD values correspond to the reading on a pH
meter equipped with a calomel electrode calibrated with pH 4 and 7 standard buffers in HpO and are not
corrected for the deuterium isotope effect. The pD of the samples has been adjusted by the simple addition of
microliter volumes of concentrated D2SO4 or NaOD solutions. All spectra have been recorded using 64K data
points and 32 scans. The pD-dependent accurate 3Jjy (+ 0.05 Hz) (Tables 2 - 5) were obtained through
simulation and iteration using DAISY program package!”7 and have been used for the pseudorotational
analyses.

(B) Conformational analysis with PSEUROT

The generalized Karplus equation!4P. used in the PSEURQT14.18 program links coupling constants between
vicinal protons to corresponding proton-proton torsion angles. The following A substituent parameters were
used for the substituents on H-C-C-H fragments : A(C1") = A(C3') = A(C4") = A(C2") = 0.62; A(C5) = 0.68;
A(04") = 1.27; A(OH) = 1.26 and A(C-aglycone) = 0.45!4¢. The PSEUROT analyses of temperature dependent
3Jyy (278 K - 358 K, Tables 6 -12 ) of the sugar moieties of 1 - 7 at different pDs were performed in either one

or two steps in order to carefully examine the conformational hyperspace accessible to the N and S conformers:
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() ¥ (N) and W ,(S) were assumed to be identical and they were kept fixed during the PSEUROT
calculations, while PN and Pg were optimized freely. (ii) When either the N-type or the S-type conformer is
preferred by more than 65%, the geometry of the minor conformer was fixed while P and ¥, of the major
conformer were optimized freely. Typically 5-10 separate PSEUROT calculations were performed in step (i)
and 10 calculations in step (ii). To incorporate the error in the coupling constants (6 = 0.05 Hz), 1000 sets of
randomly varied coupling constants (gaussian distribution) were generated and analyzed with a locally
modified!9 version of the PSEUROT program!4 (Tables 6-12 and their legends for specific description of the
conformational spaces covered by the analyses). Typically, a total of 5000-20000 individual pseudorotational
analyses were performed for each compound 1 - 7 and at each pD. Some of the results were discarded due to (i)
too large difference between a Jg)c and Jo,p, (AJpax = 0.5 Hz), (i) too large overall rms in JHy (rmspy,y = 0.3
Hz), (iii) PN < -40° or PN > 40°, (iv) Pg < 120° or Pg > 180°, or (v) ¥, < 30° or ¥, > 45° (see legends of
Tables 6-12). The total number of pseudorotational results that were used in the subsequent calculations of
thermodynamic parameters is given in column 2 of Tables 6-12. The mole fractions from the accepted
pseudorotational analyses were used to construct van't Hoff plots. The averages of the slopes and the intercepts
(Tables 6-12) from the 5000-20000 van't Hoff plots were used to calculate AH® and AS° (and their errors) of the
N 2 S sugar equilibrium of 1 - 7 (Tables 6 - 12).

The free-energy AG298 values were calculated in two ways: (i) By taking the sum of AH and -TAS". The
standard deviation of AG298 is derived from the standard deviations of the AH® and -TAS® values by the
formula 6=(64; + O_f4s )/2 which gives a rather high error for AG298 because of the error propagation (and
amplification) by the multistep procedure. (ii) From the average of the 5000-20000 individual In(xs / (1 - xs))
at 298K. This we refer to as In,,(xg / (1 - xg)) with its standard deviation [G |n, (x5 /(1 - xg)}]. The free
energies at 298 K, obtained by using the formula AG®* = -R * 0.298 * In,(xs/ (1 - xs)), are presented in the
last column of Tables 6-12 with their corresponding standard deviations in parentheses. The error of AG* is
then directly calculated using the formula GAG298 = -R * 0.298 * G In, (xg / (1 - xg)), Which is smaller
compared to the one obtained with the first method. However, the value of AG** is not changed compared to

the first appraoch.
(C) Determination of the pKy value of the aglycone from the Hill plot

The Hill plot for the 8H2 of formycin B (1) in the acidic solution where the total change of the chemical shift
of H2 (ASH2,,) between the neutral (7.97ppm) and the protonated (9.05 ppm) state of 1.08 ppm is used to
calculate the straight line (R = 0.975) which is characterized with the slope of 1.0 (6 =0.2) and pKy of 1.3 (0 =
0.1) (see Panel (E) in Fig. 1). The 8H2 of formycin B (1) shows a very small variation of 0.02ppm with pD in
the alkaline solution and can therefore not be used for the determination of pK, (not shown). The Hill plot for
AG” of formycin B (1) where the total change between the neutral and the protonated state (AAG" ) of 2.0
kJ/mol is used to calculate the straight line (R = 0.980) with the slope of 1.0 (6 = 0.1) and pK, of 1.4 (6 =0.1)
(see Panel (C) in Fig. 1). The Hill plot for AG® of formycin B (1) where the total change between the neutral
and the deprotonated state (AAG® ) of 0.3 kJ/mol is used to calculate the straight line (R = 0.868) with the
slope of 0.8 (¢ = 0.4) and pK, of 9.1 (¢ = 0.2) (see Panel (B) in Fig. 1).

The Hill plot for the 8H2 of formycin A (2) where the total change (ASH2,,) between the neutral (3 8.16
ppm) and the protonated (8 8.37 ppm) state of 0.21 ppm is used to calculate the straight line (R = 0.961) which
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is characterized with the slope of 1.2 (¢ = 0.2) and pK, of 4.4 (¢ = 0.1) (see Panel (D) in Fig. 2). The Hill plot
for the 3H2 of formycin A (2) where the total change (ASH2,,) between the neutral (8 8.16 ppm) and the
deprotonated (8 7.96 ppm) state of 0.20 ppm is used to calculate the straight line (R = 0.987) which is
characterized with the slope of 1.1 (¢ = 0.1) and pK, of 9.5 (0 = 0.1) (see Panel (E) in Fig. 2). The Hill plot for
AG?® of formycin A (2) where the total change between the neutral and the protonated state (AAG® ) of 1.4
kJ/mol is used to calculate the straight line (R = 0.985) with the slope of 1.1 (¢ = 0.3) and pK, of 4.5 (¢ = 0.1)
(see Panel (B in Fig. 2). Note that AG® of formycin A (2) shows no variation with pD in the alkaline solution
and can therefore not be used for the determination of pK,

The Hill plot for the 8H2 of 9-deazaadenosine (3) where the total change (ASH2,,,,) between the neutral
(6 8.10 ppm) and the protonated state (8 8.36 ppm) of 0.26 ppm is used to calculate the straight line (R = 0.997)
which is characterized with the slope of 1.1 (¢ = 0.1) and pK, of 6.0 (¢ = 0.1) (see Panel (D) in Fig. 3). The
additional Hill plot (not shown) made for the SH8 of 9-deazaadenosine (3) resulted in an value for the pK, =
6.0 (o = 0.2)[For H8: § 7.59 ppm in the neutral state, 8 7.76 ppm in the protonated state; slope = 1.1 (o =0.1),
pKa =6.0 (¢ =0.1), R = 0.997]. The Hill plot for AG® of 9-deazaadenosine (3) where the total change between
the neutral and the protonated state (AAG®,,) of 1.5 kJ/mol is used to calculate the straight line (R = 0.950)
with the slope of 0.9 (6 = 0.2) and pK, of 5.9 (¢ = 0.1) (see Panel (B) in Fig. 3).

The Hill plot for the 8H6 of ¥-isocytidine (4) where the total change (A8H6,,,) between the neutral (8
8.66 ppm) and the protonated (8 8.71 ppm) state of 0.05 ppm is used to calculate the straight line (R = 0.946)
which is characterized with the slope of 1.1 (¢ = 0.4) and pK, of 3.6 (¢ = 0.2) (see Panel (E) in Fig. 4). The
8H6 of W-isocytidine (4) shows a very small variation of 0.02ppm with pD in the alkaline solution and can
therefore not be used for the determination of pK, (not shown). The Hill plot for AG® of ¥-isocytidine (4)
where the total change between the neutral and the protonated state (AAG® ) of 0.9 kJ/mol is used to calculate
the straight line (R = 0.998) with the slope of 1.1 (6 = 0.5) and pKj, of 3.6 (¢ = 0.1) (see Panel (B) in Fig. 4).
The Hill plot for AG® of W-isocytidine (4) where the total change between the neutral and the deprotonated
state (AAG® ) of 1.6 kJ/mol is used to calculate the straight line (R = (.996) with the slope of 0.9 (¢ = 0.4) and
pK; 0f 9.2 (6 = 0.1) (see Panel (C) in Fig. 4).

The Hill plot for the 8H1' of W-uridine (5) where the total change (ASH1';) between the neutral (8 4.62
ppm) and the deprotonated state (3 4.56 ppm) of 0.06 ppm is used to calculate the straight line (R = 0.944)
which is characterized with the slope of 1.6 (6 = 0.4) and pK; of 9.1 (¢ = 0.3) (see Panel (D) in Fig. 5). In this
case the chemical shift of H6 changes upfield by increasing the pD with a value of 0.03 ppm between the
neutral and the deprotonated state and has not been taken to calculate the pKy. The Hill plot for AG® of W-
uridine (§) where the total change between the neutral and the deprotonated state (AAG® ) of 1.7 kJ/mol is
used to calculate the straight line (R = 0.970) with the slope of 0.9 (6 =0.2) and pK, of 9.4 (6 = (.1) (see Panel
(B) in Fig. 5).

The Hill plot for the 8H6 of 1-methyl-'¥-uridine (6) where the total change (A8H6,,,) between the neutral
(8 7.69 ppm) and the protonated state (3 7.51 ppm) of .18 ppm is used to calculate the straight line (R =
0.988) which is characterized with the slope of 0.9 (6 = 0.1) and pK, of 9.7 (¢ = 0.1) (see Panel (D) in Fig. 6).
The Hill plot for AG® of 1-methyl-'¥-uridine where the total change between the neutral and the deprotonated
state (AAG" ) of 0.8 kJ/mol is used to calculate the straight line (R = 0.968) with the slope of 1.0 (¢ = 0.2)
and pK, of 9.9 (6 = 0.1) (see Panel (B) in Fig. 6).
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Table 2. The temperature-dependent vicinal coupling constants in formycin B (1) and formycin A (2) asa
function of pDa

formycin B (1 formycin A (2)

pD. Iy Iy J34 pD J12 I3 I3y

278K 358K | 278K 358K | 278K 358K 278K 358K | 278K 358K | 278K 358K
osb | 66| 64| s2| s4 | a2 | a5 || 22 68 | 64 | 52| 54 | 40| 45
0.7 651 63| 52| 54| 42 | 45 [l 26 68 | 65 | 52 | 54 | 40 | 45
130 | 69 | 66 | 52| 54 ] 38 | 43 | 34 70 | 66 | 53 | 55 | 39| 45
17 7231 67| s2 | sa| 36 | a4 | 38 71 | 66 | 53] 55 | 38 | 42
23 771 68 | 53| s5 | 31 | a3 |l 43 73 | 67 | s2 1 55 | 31| a1

36¢ | 77| 71 ] s3] 54| 31 | 39 || 484 | 73 | 67| 52| 54 | 34| 43
5.6 77 1 68 | 53 | 54 31 | 43 f ssd [ 77 [ 69| 53 | 54 | 31| 40

7.0 77 6.8 53 54 31 43 6.6 79 6.8 53 5.5 3.0 4.1
7.6 7.8 6.8 53 55 31 42 7.7 7.8 6.9 5.2 5.5 3.0 4.1
8.1 7.8 6.8 53 54 3.1 42 8.9 7.8 6.8 52 5.5 3.0 4.2

8.9 7.8 6.8 5.3 5.5 3.0 42 9.4 7.7 6.8 5.3 5.4 3.0 42
9.1 7.8 6.8 53 55 3.0 4.1 9.9 7.8 6.8 5.3 5.5 32 42
9.7 7.9 6.9 53 55 29 42 10.5 7.7 6.7 53 5.5 32 4.3
10.1 7.9 6.9 5.3 55 29 4.1 110 7.7 6.8 54 5.5 34 4.3
10.6 7.9 6.9 53 55 29 4.1
11.2 7.9 6.9 53 5.5 29 4.1

a In Hz, error + (.1 Hz. Only 3] Hu at the lowest and the highest iemperature are tabulated, whereas they are available at
several intermediate temperatures in 10 K steps. Note that the complete set of 3J 1y 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.!7 b3y yu for formycin B (1)
could not be determined at pD = 0.5 and 1.3 above 348 K because the signals for H2'and H3' were buried under the water
signal and at © 3y for formycin B (1) pD = 3.6 above 328 K because the signals for 2', 3’ and 4' were buried under the
water signal. d 3JHH for formycin A (2) could not be determined a1 pD = 4.8 and 5.5 below 288 K because the signals for
H1'and H2'were buried under the watersignal.

Table 3. The temperature-dependent vicinal coupling constants in 9-deazaadenosine (3) as a function
of pD2

9-deazaadenosine (3)

pD 32b | 3.8 ] 46b | 52¢ [59cd] 66 [ 7.1 [74u] g5d [ 9.6d |10.1dh1.0d 1168
Tiz [ 28K | 78 | 78 | 78 | 79 | 81 | 84 | 85 |86 | 86 | 86 | 86 | 86 | 86
358K | 72 | 72 | 72 |13 |75 | 75 {75 |76 )16 | 76 |76 ) 76 | 77
Joy | 218K | 53 | 53 | 53 | 53 [ 53 | 52 |52 |52 |52 |52 |52 52 [ 52
358K | 55| 55 | 55 | 55 |55 | 55 |55 |55 |55 )ss {5555 |54
Tag | 278K | 27 | 27 | 27 | 28 | 27 | 23 [ 23 [22 [ 22 [ 22 |22 [ 22 | 22
358K | 33 ] 33 | 33 {36 |35 ] 36 | 36 |34 ]34 |34 [34] 35|32

3 In Hz, emror 0.1 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 3Jy;;; 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.!7 b3y yy for 9-deazaadenosine
(3)atpD =3.2,3.8 and 4.6 could not be determined above 328 K because the signals for H2', H3', and H4' were buried under
the watersignal. © 3]y, for 9-deazaadenosine (3) at pD = 5.2 and 5.9 could not be determined under 288 K because the
signals for H1' and H2' were buried under the watersignal. 431y, for 9-deazaadenosine (3) at pD = 5.9, 7.9, 8.5, 9.6, 10.1

and 11.0 could not be determined above 348 K because the signals for H3' and H4' were buried under the watersignal. ©
35 uy for 9-deazaadenosine (3) at pD=11.6 could not be determined above 338 K because of its decomposition.
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Table 4. The temperature-dependent vicinal coupling constants in W-isocytidine (4) and ¥-uridine (5)
as a function of pDa

W-isocytidine (4) ¥ -uridine (5)

pD I I3 I3g pD J12 Jry J3g

278K__ 358K | 278K 358K | 278K 358K 278K 358K | 278K 358K | 278K 358K
172 | 45| 50 | 52 | 54| 63 | s9 250 55| s6| s2 | ss| 55| s4
2.1® 4.5 5.0 52 54 6.3 5.8 6.9 55 5.6 5.2 5.4 5.4 5.4
28 | 48] 53 | 51 |54 |62 | 66 75| 55 | 57| 53 | 55| 54 | 53
3.7¢ sa| s7 | s2|ss | ss |53 83| 57| 57| 52| 55| 52| s3
42 so9| 60 | 52 |55 | a9 | 50 89 63 | 61| 53 | 55| 46| 50
4.6 6.3 6.1 52 5.5 4.5 49 9.7 6.7 6.4 52 5.6 4.0 4.7
5.1 63| 61 | 52 |ss |45 [ soff ws| 72| 66| 53| 56| 36| 45
6.3 63| 61 | 53 |55 |as [a9 ) n3a| 73| 66| 53| s6] 35| 44
7.0 6.4 6.1 52 5.5 45 49 11.8 7.3 6.6 5.3 5.6 3.5 4.4
7.7 64 | 61 | 52 |55 | a5 | 49
82 66| 63 | 52 |54 | 41 | s0
8.9 70 | 64 | 52 |55 | 38 | 46
96 | 76| 69 | 52 |54 | 31 | 41
10.3 77 67 | 52 |55 | 30 | 42
113 | 78| 69 | 52 |54 | 28 | 39

2 In Hz, error £ 0.1Hz. Only 3J,y;; at the lowest and the highest temperature are tabulated, whercas they are available at
several intermediate temperatures in 10 K steps. Note that the complete set of 3J i between 278 and 358 K at each pD
have been used in the calculation of thermodynamic quantities through pscudorotational analyses and van't Hoff plots.
Tabulated coupling constants are the result of simulation and iteration procedure by DAISY program.17 b3 uy for ‘Y-

isocytidine (4) could not be determined at pD = 1.7 10 2.8 above 338 K and at pD = 3.7; 4.2; 9.6 and 11.3 above 348 K
because of decomposition.

Table 5. The temperature-dependent vicinal coupling constants in 1-Methyl-W-uridine (6) and 1,3-
dimethyl-¥-uridine (7) as a function of pD2

1-Methyl-\P-uridine (6) 1,3-dimethyl-\P-uridine (7)

pD J1y I3 J3g pD Jiy I3 J3g

278K_ 358K | 278K 358K | 278K 358K 278K 358K | 278K 358K | 278K  3s8K
25 [ 55 |58 |52 | 55 | 54| 53 25 s1 | 55| 53 |55 | s8] s6
72 |55 | s8 | s2 |55 |54 |53 ] 67 |s1 | 55|53 | ss5s ) s8] se
83 | 56 | 58 | 52 | 55 | 53 [ 52 120 |51 ] s5|s3 |55 ] 58] 56
89* | 57 | 58 | 52 | 55 | 52 | 52
93 | 59 [ 58 | 53 | 55 | 48 | 51
970 | 61 | 59 | 52 | 54 | 47 | 50
105° | 64 | 61 | 51 | 54 | 43 | 48
14 | 65 | 61 | 52 | 54 | 40 | 47
120 [ 65 | 61 | 52 | s5 | 41 | a7

2 In Hz, error + 0.1 Hz. Only 3Jyy;; 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 3J py between 278 and 358 K at each pD have
been used in the calculation of thermodynamic quantities through pseudorotational analyses. Tabulated coupling constants
are the result of simulation and iteration procedure by DAISY program.!” ®3J, could not be determined above 348 K

because the signals for H2'and H3'were buried under the watersignal.
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Our modification of the PSEUROT v.5.4 program (ref 14) is intended to make it possible to evaluate and
assess the propagation of errors from the experimental Jyy throughout the PSEUROT calculations as well
as throughout subsequent treatment of the obtained data. Our modified program has retained all features
of the criginal PSEUROT program, all changes are additions. The estimated error, expressed as standard
deviation (o), for each Jyy is entered to the program as well as the desired number of sets of randomly
varied Jyus to be generated and subsequently analyzed by pseudorotational analyses. Typically, 1000
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