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Abstract — The influences of the modifications of the natural nucleotides is
rationalized in terms of stereoelectronics effects. This article reviews the
pseudorotation concept and the Generalized Karplus Type equation used to

quantify the conformational behavior of ribofuranose in solution.

Why nature selects phosphate?

Phosphate esters and anhydrides are of paramount importance in the living world. The majority of
coenzymes are esters and pyrophosphoric acids, the biochemical energy is stored into phosphorylated
compounds such as ATP, the intracellular calcium level is regulated by the action of several inositol
phosphates mono and diesters, the genetic material (DNA and RNA) is composed by phosphate diester
linkages, the activity of protein is sometimes controlled by phosphorylation processes.

Davis tentatively answered the reason why nature selects phosphate among other functional groups more
than 50 years ago.! The proposed idea was that organisms must keep their metabolites within the cell and
select charged molecules to prohibit passive diffusion though the membranes. The ionized state of the
phosphates functions at physiological pH will out a phosphorylated molecule of diffusion.

It is noteworthy that phosphate owns 3 pKa values spreading on all the pH range accessible in water. The
Davis principal of “being ionized” is encountered in several biosynthesis where phosphates are implicated
in the first step.

Another advantage is the ability of the phosphate to connect two molecular subunit, still being negatively
charged (that could not be the case of ester or amide for example).? Weistheimer point another benefit of
being ionized: the rate of hydrolysis of phosphates esters is considerably reduced by the electrostatic

repulsion between the phosphate and the OH charges.® As nature stores genetic material for a long period
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of time, the hydrolysis should be minimal at physiological pH. Taking into account that DNA material
contains several thousands of phosphate esters bonds per gene, it becomes obvious that a minimum of
them should be cleaved during the lifetime of a cell. At biological pH, the negative charge on the

phosphate considerably slow down the rate of hydrolysis by a factor of 10°-10°.

Why chemists cannot use phosphate for antisense and antigene strategies?

Introduction of small synthetic RNA and DNA in order to intercept natural complementary is the
corner-stone of the antisense and antigene strategies. Unfortunately, this is not applicable because of the
presence of enzymes that bend and cleave oligonucleotides. Thus, structural modifications of the
nucleotides are necessary to increase the half-life of the synthetic partner.* A large numbers of
modifications have been proposed and can be classified into 3 parts: the base modification, the phosphate
modification and the sugar modification. The first antisense oligomers, active against the
Cytomegalovirus introduced on the market, Vitravene™ (1S1S-2922) consist in a 21-mers modified by a
phosphorothioate linkage.’

Considering that the primary action of enzymes consists in cleaving the linkage at the level of the
phosphorus atom, a therapeutic active oligonucleotide should contain stable linkage and should be able to

form stable associations.

What make duplexes stable?

Considerable efforts in an attempt to elucidate and quantify the factors responsible for the stability of a
double strained structure have been invested since the 70’s. The understanding of the process was greatly
facilitated by the adaptation of the principle of pseudorotation. Originally proposed by Kilpatrick in his
discussion of the indefinitness of cyclopentane conformations, Altona and Sundaralingam adapted the
principal to the un-symmetric rings such as ribofurranoses, prolines and nucleotides.®’ Their description
is useful due to the utilization of the torsion angles that render the Altona-Sundaralingam formalism
(referred as the AS formalism) directly usable to NMR spectroscopy.

Because of the interrelationship between the endocyclic torsion angles in non-planar 5 membered rings, a
quantitative description of puckering and conformation in terms of the maximal puckering angle (ym) and
of the phase angle (P) of pseudo-rotation was introduced. The phase angle describes in an exact and
mathematical manner the conformation of a given 5 membered ring as a continuum of forms where the

standard conformations twists and envelops are located. The maximal puckering angle represents the
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maximal deviation from planarity. The central formula used to describe the pseudorotation coordinates is
usually referred as the Altona-Sundaralingam equation:

@; = yp, + cos (P+ 4mi/5) Eq.1
Where ®; represents the i™ internal torsion angle along the 5-membered ring as define in Figure 1

(according to Altona and Sundaralingam, the C1-C2-C3-C4 torsion angle is chosen as reference, i=0).

Figure 1. The pseudorotation wheel representation of nucleotides.
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As it can be seen in Eq.1, y,, represent the maximum amplitude that an internal torsion angle, ®@; can
adopt. For each @;, this occurs only twice along the pseudo-rotation pathway: when the cosine factor (P+
47i/5) reaches the values 0 and m.

If one disposes of the internal torsion angles, for example from crystallographic data, the puckering
coordinates can be deduces from Eqgs. 2 and 3:

Ym = @p/cos(P) Eq.2
P=arctan [(D; - ®; + D4 - D3)/(3.078 Dy)] Eq.3
With the aid of a crystallographic dataset of 178 X-Rays structures, a statistic survey has shown that the

pseudorotation coordinates of nucleotides are presents only in two main regions.® With the aid of the
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wheel representation, they were designed as North (N) and South (S) positions (Figure 1). This statistic
survey shows that ribonucleic acids are located in the N region, 0°<P"<36° and in the S region
144°<P%<180° within an average Wmay of 38° for the both; regarding the deoxyribonucleic acids, the same
tendency is observed with a minor W,y averaged at 36°.

The studies of the nucleotides and nucleosides in solution have revealed the same tendency. Every
nucleic acid is in equilibrium between a N and a S form, the equilibrium constant being roughly 50%.
Therefore, a good representation of a nucleic acid in solution consists in a vector of 5 dimensional

hyperspace: (PN, y™max. P° o max. K).

Figure 2. Two state model of pseudorotamers in solution.
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The activation energy barrier for the interconversion between the two preferred puckering modes (North
and South) is small, AG"=20 to 25 kJ/Mol.” The result of this small barrier is an averaging of the NMR
picture, neither a pure N nor a pure S pseudorotamer is spectroscopically visible but only the averaged
spectrum is detectable. '

In a double strained structure, RNA usually forms A type duplex characterized by an N type conformation
of the nucleic acids in both parts of the helix, DNA forms usually B (S type) and in a less extend A (N
type) type duplex. Because the association of two strains into a double-strained structure proceeds via a
negative variation of entropy (AS< 0), this association is entropically disfavorable (AG=AH-TAS) and it is
better to pre-organize the synthetic strains close to the conformation present in the helix. The BNA
(Bridge Nucleic Acid) and LNA (Locked Nucleic Acid) structures independently introduced by Imanishi
and Wengel is a typical example of the pre-organization principle.

Chattopadhyaya and al. have lighted the factors governing the conformational behavior of a given
nucleotide quite recently.” From a large number of thermodynamic studies and with the aid of the Pseurot
Program,'' they showed that the N == S equilibrium is the result of a fine balance between anomeric
(AE) and gauche effects (GE) of the different substituants present on the ring. The AE and GE are
interactions between donor and acceptor orbitals, the stabilisation is directly proportional to the square of
the overlap between the two orbitals and inversely proportional to their energy difference.”'? The AE
represents the overlapping stabilization by a lone pair of O4(donor) and the anti bonding orbital C1-Base
(acceptor). This effect is base and pH dependant but invariably drive the N == S equilibrium toward a N
position.13 In the case of the GE, the donor is a o(C-H) and the acceptor is the 6*(04-C). The GE is
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maximal with strongly electronegative substituents and decrease with the electronegativity.> A
consequence is depicted by the C2-deoxyribose series in which the electronegativity of the C3 substituent
dictates the N == S equilibrium."” With strong electronegative substituents at the C3 position, the S
conformation dominates (91% in case of F). Decreasing the electronegativity at the C3 substituent makes
the AE preponderant and result in a shift of the N == S equilibrium to a N conformation (75% in the
case of NH;). A global thermodynamic model accounting for the different AE and GE have been

proposed and represent relatively well the observations.'*"

Figure 3: Stereoelectronic effects in nucleotides
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Considering the experimental proofs of the stereoelectronic model we embark in the synthesis of
nucleotides devoted to the antisense strategy possessing a hydrolytically stable junction at the C3 position

and a low electronegativity.

Table 1: Bond angles, lengths and pKa of the phosphate function and several of its mimics.

(07 o e
) IPI\/ ©
b a OH
X o a b pKa,
o) 118.7° 1.59 A 1.43 A 6.4
CH, 1121.1° 1.81 A 151 A 7.5
CHF 113.3° 1.82 A 1.50 A 6.5

CF, 116.5° 1.85 A 1.50 A 5.6
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Our choice was attracted to the phosphonate family because of the lower Pauling electronegativity of the
carbon atom. In the phosphonate series, presently considered as best mimic of the phosphate function, are
the monofluorophosphonates (MFP) and the difluorophosphonates (DFP) in which the hydrolysable P-O
bond is replaced by a stable P-CHF and P-CF, bond respectively.'®'® Our final choice was then directed

to the DFP group in which stereo-complication cannot arise.
Tonic and radical synthesis of C3-DFP modified nucleoside'

The synthesis of C3 modified nucleotides have been previously reported.'” It can be achieved by an
anionic addition onto the properly substituted ketone or by a radical addition of hypophosphorous acid

salt onto a gem difluoro olefin. The general scheme is reported below.
Scheme 1. Synthesis of C3 modified nucleoside.
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The DFP mimic dictates the conformational behavior of the ribose; a question about mimics.*

As mentioned previously, the N == S equilibrium is a function of the balance between the anomeric
effect (AE) and several gauche effects (GE) in which the group electronegativity is playing a fundamental
role. Thus, one could expect that a CF,POs> group, aside from its steric difference with the phosphate,

can influence the conformational behavior by its intrinsic electronegativity.
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Among all the electronegativity scales available, the one proposed by Inamoto (1: iota factor) shows one
of the best correlations between the enthalpy of the N == S equilibrium in nucleotides and the group
electronegativity."> Another advantage of the Inamoto’s scale is a linear relation between the 1 factor and
the 3C chemical shift of methylene carbon in ethane fragments CH3-CH,-X (where X is the considered
group).”’ Thus, a simple experiment can quantify the group electronegativity according to Inamoto’s

relation:

8=594(-2)+7.77 Eq. 4
(Correlation factor r = 0.96)
In Inamoto’s scale the atomic 1 factor ranges from 2.0 for hydrogen to 3.1 for fluorine.

Table 2. Electronegativity (1 factor) of phosphate diester and several phosphate mimics.*

Entry Compound Group™ 8 (ppm) 1 factor
(o]
EGNH.O)EO)P(O) &
; (EaNHO)EO):P(O) 1 65.9 2.97
(o]
EtO—Ilzl"—OEt
2 (Et0);P(0) % 64.1 2.95
$
E[O—IT—OE'[
3 (EtO)sP(S) “ 64.0 2.95
o
EtO*FI’*OEt
4 (EtO)sP-BH; " 62.4 2.92
5 Q
EIO—E’—ME
Groupl ~ (FtORP(OMe 1 61.0 2.86
6 EIO—EDI)—NHEI
Grouprr  (FTORP(ON(ED: 39.2 2.53
Q
Et0-P-CF,
7 (EtO),P(O)CFEt = 273 233
Q
. (EtO);P(O)CFHEt 231 526
9 E0-P-cr,
E0 -
Groupm  (FORP(O)CH:EL 15.9 2.14

(a): the arrows represent the point of substitution.

It becomes clear that not all the considered phosphates analogues belong to the same electronegativity

domain.
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The group I contains analogues of electronegativity similar to phosphate. Thus, thio phosphonate,
phosphonoboronate and methyl phosphonate could be classified as close electronegative mimics.

Group II contains one example of the phosphoramidate function, a widely used analogue since
Gryaznov’s disclosure.”” The introduction of the nitrogen atom places the 1 value at a borderline position
in the Inamoto’s scale. This electronegativity fall is one of the physical factors called to explain the higher
affinity in the duplex formation with C3 phosphoramidate-modified nucleotides.

The carbon family in entries 7-9 of the group III is representative of DFP, MFP and simple phosphonate
groups. As expected, the electronegativity increases with the number of fluorine atoms (from 2.14 to
2.33) but cannot reach high 1 values and stays below the electronegativity of a phosphoramidate.

The gauche effect occurs in the case of electronegative substituents supported by ethyl fragments and
favors a gauche orientation. When a poorly electronegative substituent (group III) replaces a highly
electronegative substituent (group I) one could expect that the gauche effect will vanish or at least
decrease. This occurs for compounds (1) in which the C3 phosphate function has been replaced by the
DFP mimic. We used the Pseurot 6.3 software package to get more information about the N == S
equilibrium and the exact pseudo-rotation coordinates of compound (1)."!

Pseurot consist in an iterative, non-linear Newton-Raphson procedure that minimize the difference
between calculated and measured "H-"H (or '"H-""F in the last version) coupling constants using an error
function, the Root Mean Square (RMS):

RMS= [(1/n) (J™*-J)2 112 = f(P), w1 Pa, w2, X)) Eq. 5

n is the total number of observed coupling constant.

In a two state model, 5 coordinates per temperature allow to calculate the RMS: (Px, wn), (Ps, Ws) and the
percentage of a given component X, necessary to describe the N <= S state. Using the
Altona-Sundaralingam formula (Eq.1) and a Generalized Karplus type Equation (GKE), it is thus possible
to simulate any J('H-'H) coupling constant and calculate the RMS function. The best fit between
measured and calculate *J("H-"H) corresponds to the minimum of the function (but not necessary zero).
At the minimum of the RMS function, all the partials derivatives from Py, yn, Ps, W5 and X vanish. The
Newton-Raphson method consist in calculating the first derivative (gradiant) and the Hessian matrix of
the RMS function, solving the system H6=V (Hi7j:62F/6Xide and V= 0F/dx; are respectively the elements
of the Hessian matrix and the elements of the gradient vector of the RMS function, & represents the
variation of the coordinates P, y, and X) and re-iterate until the norms of & or V converge to a very small
value.

The Figure 4 presents the Pseurot program created by van Wijk, Haasnoot, de Leeuw, Huckriede, Westra

Hoekema and Altona at the Leiden Institute of Chemistry. The last update (1999, version 6.3) by Westra
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Hoekzema not only use the simple proton-proton coupling data but also offer other possibilities such as
the sums of the couplings constants, useful in case of overlapping signals, and a Generalized Karplus
Equation designed for proton-fluorine coupling that is of great importance for the analysis of several

fluorine modified nucleotides.

Figure 4: The Pseurot procedure
PSEUROT PROGRAM

INPUT:
Experimental measurements
and ab initio calculations

Temperature Step I: Step I1:
dependent 3J(HH) deviation from Karplus optimisation
measurements ideal fragments, for CF,P(0)(0)*,,

A and B factors

A factor

3J(HH) > Comparison:
RMS function

Pseudorotation ¢p(HH)=A v+ B Diez-Donders
concept \ Y equation
Start: -
system coordinates ——3 Endocyclic —— E’iOCYIC_Ih% — Calculated
Pys Un s X angles (v) angles (H-H) 3J(HH)
NO Newton-Raphson
procedure:
convergence?

|

YES l

OUTPUT:

Pn/swnss X

A general problem occurring in the determination of the parameters of pseudorotation of five membered
rings is the deviation from the ideal fragments induced by the strain (step I in Figure 4). Thus, the
translations between endo ®¢ and exocyclic ®(HH) angles are not represented by ®e= ®(HH) £120 or 0
but by the relation:

de= A*®O(HH) + B Eq. 6
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A and B factors encounter for the deviation. These factors are usually determined by a series of ab initio
calculations.”

The following scheme represents the determination of A and B factors applied to our DFP modified

nucleotide.

Figure 5. The plot of the endo Vs exocyclic torsion angles of compound (1).
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The A and B values corresponding to the 3 angles of interest are collected in table 3:

Table 3. Factors encountering for the deviation from ideal fragments in compound 1.

Torsion angles A B Correlation
04-C1-C2-C3 1.03 118.8 0.99
C1-C2-C3-C4 1.22 4.9 0.99
C2-C3-C4-04 1.09 -132.5 0.98

In step II of Figure 4, the KGE used in the Pseurot program is the up-to-date optimized proposed by Diez,

Donders and al.*® This equation considers a coupling constant as periodic function of the torsion angle,

meaning that after a rotation of 360°, the value of the coupling constant is found back.

3J(a) = Co+ C cos(ar) + C; cos(2ar) + C; cos(3a) + S, sin(2ar) Eq.7
The cosine and sinus coefficients depend of the substitution pattern and are calculated by the following

set of equations:

Co=6.97—0.58 (A +Ax+As+As) — 0.24 (Mido+hs)s) Eq. 8
C,=-1.06 Eq. 9
C2=16.55—0.82 (M+Aa+As+Ag) + 0.20 (A 1Ag+AoA3) Eq. 10
C3=-0.54 Eq. 11
S5 = 0.68 (Lihi™+ Coha™+Caha™+Cahs) Eq. 12

A, named “empirical electronegative factor” is an empirical parameter accounting for the influence of the

i"™ substituent to the coupling constant and (is an orientation parameter (€ = *1), its value depending on
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the spatial relation of the considered substituent with respect to the geminal coupling proton as depicted
in the Figure 6.**

Figure 6. Numbering and sign convention used for an ethane fragment.

o
sy Hg
(=-1 S2 Sty
Ay Sy A

The A parameter corresponding to the difluorophosphonate group was determined according to the
relation reported by Altona et al. in 1994 and specially adapted to a CH;-CHR R, fragment.” In this case,
the fast rotation of the methyl group causes the cosine and sinus orientation factors to vanish.

37=7.660 — 0.596 (A, + A2) — 0.419(A, o) Eq. 13
In this procedure, A; varies from known group values and A, represents the unknown value of the DFP

group. The experimental determination of the A factor (within an accuracy of +0.02 Hz) is depicted in the

table 4.

Table 4. Determination of the A factor.

Subst. A, value (subst.) “Jobs.(Hz)  Caled. A, Back calcd. AJ ((Hz)

(Hz)
H 0 7.50 0.27 7.51 -0.01
OH 1.25 6.66 0.23 6.64 0.02
OAc 1.17 6.70 0.25 6.69 0.01
Me 0.80 6.95 0.24 6.95 0.00

From the experimental determination, the DFP group holds a A factor of 0.25. This value differs
considerably from the reported value of the phosphate function, 1.27, and it ensues that a computed °J
value from a GKE will diverge between these two groups.

Having optimized both the Diez-Donders’s GKE and the deviation from ideal fragments, the Pseurot
procedure could be launch using a dataset of *J(H'-H") coupling constants collected over a large range of

temperatures.
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The 7 temperature dependent measurements allow calculating 11 unknown parameters (Pn, yx, Ps, wsand
7 thermodynamics parameters, X) from 7x3=21 physical determinations. The percentage of north

conformer and the error analysis is depicted in tableS5.

Table 5: *Jyu coupling constants (Hz) @, population and error analysis over 7 temperatures.

T(K) Ty Iy g X(%) AJmax (Hz) ~ RMS(Hz)
295 1.42 5.32 10.30 98 0.07 0.06
306 1.45 545 10.19 95 0.02 0.02
315 1.42 5.54 10.15 95 0.07 0.06
325 1.70 5.61 10.08 90 0.01 0.01
335 1.85 5.72 10.04 87 0.05 0.03
345 1.99 5.79 9.90 83 0.01 0.01
355 2.02 5.85 9.85 82 0.02 0.02

the accuracy of the measurement is =0.03Hz

The optimization smoothly converges to a minimum representing a two states equilibrium located at Px=
27°, yn= 25° (a *E-"T4 conformation); Ps= 105°, ys= 24° (°E-°T, conformation). As the percentage of
the N and S conformers are now accessible at various temperatures, the van’t Hoff plot of Ln(X"/X®) as a

function of -1000/RT delivers the thermodynamics parameters of the equilibrium.

Figure 7. van’t Hoff plot InK vs -1000/RT for compound (1) corresponding to a S == N equilibrium.

Ln(XN/XS)
2.0

15

-0.40 -0.36
-1000/RT

With a good correlation coefficient of 0.998, the van’t Hoff plot reveals an enthalpy contribution of
AH=-13kJ.Mol" and an entropy contribution of AS= -3kJ.mol" .K™'. This clearly shows that the enthalpy

contribution is the main factor that drives the equilibrium toward the N conformer.
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The percentage of the N component is relatively high regarding the situation of the corresponding natural
nucleotide: Xx= 98% at 295K for the C3 DFP modified nucleotide and Xy= 57% at 278K for the
unmodified compound. This high percentage of N conformer is the results of the low electronegativity of
the DFP group (1: 2.33 vs. 2.97) that decreases the gauche effect along the C3-C4 bond. The remaining
predominant factors are two gauche effects present on the C1-C2 fragments: O4-O2 and the O2-Base
gauche effects, the former driving the equilibrium to N and the later smoothly S in the case of Uridine. In
addition, the anomeric effect drives the equilibrium to a N position. Qualitatively, the overall contribution
would shift the equilibrium strongly to a N position.

The reported study of the conformational behavior of a C3 DFP modified nucleotide questions about the
general definition of a mimic. The primary reports concerning DFP groups were focused on the pKa,
bond angles and lengths. From crystallographic structures it is clear that MFP and DFP are more close to
phosphate than a phosphonate could be. Nevertheless, it is clear that a DFP is not a simple bond length
and angle mimic; the influence on the global conformational behavior in solution that is of paramount
importance for a duplex stability, should also be taken into account. Considering this matter, not only

static data from X-Rays should be considered but also more fine influences.
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