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Abstract—Recently, we have prepared a novel class of DNA analogues containing the [3'-NH—P(CH3)(0)—0-5'] methanephosphonamidate
linkage. Synthesis of such analogues requires preparation of the dinucleoside methanephosphonamidates NXN, where N is a 2/-deoxyribo-
nucleoside moiety and X is the methanephosphonamidate linkage. Dimers TXT and CXT were obtained in a non-stereospecific manner
giving rise to a pair of P-chiral diastereomers. Such diastereomers were effectively separated into fast and slow migrating ones by means of
chromatographic methods (TLC). As described in our previous work (Nawrot et al. Nucleic Acids Res. 1998, 26, 2650), the stereochemistry
of the phosphorus chiral center of TXT fast migrating diastereomer is Rp and of TXT slow migrating diastereomer is Sp, as established by
means of 2D ROESY experiments. Here we describe assignment of the absolute configuration at the phosphorus center of fast and slow
migrating diastereomers of CXT dimer. The 2D ROESY sequence with phosphorus decoupling during acquisition used in these
measurements allowed observation of the P—Me group as a singlet instead of a "H—>'P-coupled doublet. The apparent advantage of this
approach was a much better signal to noise ratio and improved resolution in the F1 dimension. For the fast migrating CXT diastereomer an Rp
and for slow migrating CXT diastereomer an Sp configuration was assigned. Conformational analysis of both pairs of diastereomers TXT and
CXT indicates significant differences in sugar ring puckering, which strongly depend on the nature of the nucleobase at the 5'-terminus of the
dimer. The ribose rings of the 3'-amino-2',3'-dideoxycytidine moiety of both diastereomers of CXT adopt predominantly a C3'-endo (North)
conformation, while thymine-substituted ribofuranoses originating either from CXT or TXT dimers prefer a C2'-endo (South) conformation.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Among the many DNA analogues considered for thera-
peutic applications as antisense' and/or antigene” agents,
much attention has been focused on oligo(deoxyribonucleo-
side methanephosphonate)s with the Rp configuration.’
Such constructs are of great interest due to their improved
affinity toward double-stranded DNA, resistance to exo-
nucleolytic degradation, enhanced cellular uptake and low
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affinity for proteins.* Oligo(nucleotide 3'-NH-P(0)O~-5'-
phosphoroamidate)s, introduced by Gryaznov,> are second
generation antisense constructs. Besides stability to phos-
phorodiesterases, such DNA analogues possess excellent
hybridisation properties toward RNA and single- or double-
stranded DNA.S In view of the advantageous properties of
both of the above DNA analogues, we designed oligomers
with the combined structural features of both classes. Thus,
we synthesized thymidine dimers linked by a novel P-chiral
methanephosphonamidate [3’-NH-P(O)(CH3)O-5'] moiety
and introduced them into a DNA chain in alternate
positions.”~® Such constructs exhibit resistance to nucleo-
Iytic degradation and, for oligomers originating from fast-
migrating dimers (see below), enhanced affinity toward
double-stranded DNA. These features make them useful
molecular tools for the inhibition of gene expression by the
antigene approach (as triplex forming oligonucleotides,
TFOs). In our approach to the synthesis of such oligomers
we prepared dinucleoside methanephosphonamidates NXN,
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Figure 1. Schematic structures of Sp diastereomers of dimers TXT (1S) and CXT (2S) with the atom numbering and respective torsion angles. DMT is a

4,4'-dimethoxytrityl group.

Table 1. Spectral characteristics of diastereomers F and S of dimer CXT?*

b

a

(a) "H chemical shifts (ppm) of the ribofuranose rings of diastereomers 2 at 23 °C (a and b are as described in Figure 1, Thy is thymine and Cyt is cytosine

b a
residue)
H1 6.23 6.03
H2 2.50 2.20
H2" 2.56 2.18
H3 4.07 4.33
H4 4.00 3.94
HY 342 3.90
H5" 3.63 4.06
P-CHj; 1.33
N-H 3.48
H6, 7.25
CHsrhy 1.84
Hécy, 8.40
H5¢y 7.20
(b) C chemical shifts (ppm) of diastereomers 2 from HMQC at 23 °C
cr 86.57 87.21
c2 42.12 40.23
c3 49.75 72.34
c4 85.56 85.56
Ccs' 61.47 63.42
C6 145.26 137.07
C5 96.9
CHsrhy 12.61
P-CH; 14.12
©) 3Jun coupling constants (Hz) of the ribofuranose rings of diastereomers 2F and 28 at 23 °C
HI'-H2 34 6.8
H1'-H2" 6.7 6.8
H2' -H3 74 6.4
H2'-H3 8.4 3.1
H2' -H2" 13.7 13.6
H3'-H4 7.5 32
H4'-HY 3.8 5.0
H4' -H5" 2.5 3.2
HS5'-H5" 10.8 11.0

6.23
2.48
2.53
3.92
3.97
3.41
3.70
1.30
3.40

8.44
7.28

86.40
42.39
49.94
86.24
61.72
144.94
97.11

13.94

6.07
2.20
2.20
4.40
3.92
3.94
4.06

7.24
1.86

86.61
40.51
72.1
86.24
63.14
113.61

12.82

% Measurement error is ca. +/—0.2 Hz.
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where N is T or dC, and X represents the methanephos-
phonamidate linkage.'® As with the methanephosphonates,
the non-stereospecific synthesis of the methanephospho-
namidate dimers leads to a mixture of two diastereomers at
phosphorus, namely Sp and Rp. Diastereomers are labelled
by their silica gel mobility as fast (F) or slow (S) migrating
ones. For a pair of dithymidine diastereomers TXT (1) an
assignment of the absolute configuration at phosphorus as R
for the fast migrating dimer (1F) and S for the slow
migrating dimer (1S) has already been proposed on the basis
of 2-D NMR ROESY experiments.” Here we present our
study on the conformational analysis and the determination
of the absolute configuration at phosphorus of the CXT
diastereomers 2F and 2S by means of NMR spectroscopy
and molecular modelling.

2. Results and discussion

2.1. Absolute configuration of methanephosphonamidate
2

The subjects of our study are the dinucleoside dimers TXT
(1) and CXT (2) possessing a P-chiral methanephospho-
namidate [3’-NH—-P(O)(CH;3)O-5'] linkage. The structures
of the Sp diastereomers of dimer TXT (1S) and CXT (2S)
with the atom numbering and respective torsion angles are
shown in Figure 1. The sugar ring of the 3'-terminal
nucleoside is described as ‘a’ and of the 5'-terminal
nucleoside as ‘b’.

The full assignment of the structure of the 2F (TLC fast
migrating) and 2S (TLC slow migrating) diastereomers in
the liquid phase (chloroform solution) was carried out using

1D and 2D NMR techniques. In some experiments we have
taken advantage of the Pulse Field Gradient (PFG) system in
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order to reduce the time of measurement and improve the
quality of the spectra (e.g., reduction of T, noise).'' =13 The
'H and '3C chemical shifts as well as proton—proton 3J
coupling constants for 2F and 2S were assigned by means of
'H-'H PFG COSY, '"H-"'3C PFG HMQC and 'H-'3C PFG
HMBC experiments and are given in Table 1. The accuracy
of 3Juy scalar coupling constants was verified by com-
parison of experimental and calculated '"H NMR spectra
employing the WINDAISY program (Fig. 2).'* Selected
regions of experimental spectra of diastereomers 2F and 2S
are given in black and the respective calculated spectra are
given in red. In order to simplify the analysis and simulation
procedure, 'H NMR spectra were recorded with 3'P
decoupling.

The stereochemistry of the phosphorus chiral centers of 2F
and 2S was established by means of 2D ROESY
experiments. This approach was used previously for the
assignment of absolute configuration of the dinucleoside
methanephosphonates'>~!8 and dithymidine methanephos-
phonamidates TXT (1F and 1S).” Nuclear Overhauser
effects (NOEs) between H-3/, H-4' and H-5' of the 2'-
deoxyribose and protons of the P-methyl group were used as
criteria for distinguishing between diastereomers with Sp
and Rp configurations. The NOE between the P—Me and
H-4' of the 5'-terminal nucleoside was used for the
determination of the Rp absolute configuration in the
P—Me dimers (dinucleoside methanephosphonates).'> The
presence of a significant cross-peak between P—Me and
H-3' of the 5'-terminal nucleoside was reported to serve as a
criterion for assignment of the Sp phosphorus configuration
in dimeric methanephosphonates,'® however further investi-
gations of a variety of P-Me dimers only partially
supported this assumption.!” In some cases both diastereo-
mers exhibit NOE cross-peaks from the P-Me to H-3' of
the 5'-terminal nucleoside.!> For the Rp dinucleoside

exp. 28 . H2

HI.

S H2Y
2%

cale. 28 t\l‘l
. AAA N

T TrorTerTTTTTT
609 230 220 210
H-l

" tppm)

Figure 2. Comparison of experimental (500.13 MHz 'H NMR) and calculated "H NMR spectra of diastereomers 2F and 28 employing the WINDAISY
program version 940108, Bruker-Franzen Analytik. Selected regions of experimental spectra are shown in black and the respective calculated spectra are

shown in red.
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Figure 3. Selected regions of the 500.13 MHz '"H NMR ROESY spectra of diastereomers 2F and 2S. Diagnostic cross-peaks between the a or b ribose rings

protons and the protons of the P—Me group are present.

methanephosphonate NOE cross-peaks were also detected
between the P—Me and H-5' and H-5" of the 3'-terminal
nucleoside.'> An assignment of absolute configuration at the
phosphorus center in 1F as Rp was based on the interaction
between the P—Me and H-5' of an a sugar ring.” Cross-peaks
from the P—Me to H-4' of the deoxyribose rings a and b
were also present. A ROESY spectrum of dimer 1S with an
Sp configuration showed significant cross-peaks from the
P—Me protons to H-3' and H-4' of the b deoxyribose moiety.
Analogously, in the present work the most important
information was obtained from inspection of cross-peaks
between the P-methyl group located at the chiral centre and
protons of the deoxyribose a and b rings of diastereomers 2F
and 2S.

We used the ROESY sequence with phosphorus decoupling
during acquisition. With this approach, the phosphorus-
attached methyl group, which for the investigated com-
pounds is the most diagnostic probe of stereochemistry at
the phosphorus center, is observed as a singlet instead of a
'H-3P-coupled doublet. The apparent advantage of this
approach is a much better signal to noise ratio and improved
resolution in the F1 dimension. For the TLC fast migrating
diastereomer CXT (2F) the NOE cross-peaks between the
P-methyl group and protons 4, 5" and 5" of the deoxyribose
a ring as well as between protons 3’ and 4 of the
deoxyribose b ring are clearly separated (Fig. 3 2F). For
the TLC slow migrating diastereomer 2S only cross-peaks
between the CH; and protons 3’ and 4’ of ribofuranose b ring
are seen (Fig. 3 2S). Such a correlation pattern suggests an R
configuration at the phosphorus atom of the TLC fast
migrating diastereomer 2F and an S configuration at P-chiral
centre of the TLC slow migrating one 28S.

Although the diagnostic NOEs of dinucleoside methane-
phosphonamidates are similar to those of dinucleoside
methanephosphonates, in the spectra of both pairs of
diastereomers, 1F and 18, as well as 2F and 28, there is a
strong interaction between the P—Me and H-4' of ribose b.
This interaction may be due to the fact that the P-N bond

(1.73 A) in methanephosphonamidates is shorter than the
P-O bond in the parent methanephosphonates (1.79 A),
causing decrease of the P-Me—H-4' of b interatomic
distance, and thus, enhancing the NOE interaction. Mole-
cular modelling performed previously’ for dithymidine
methanephosphonamidates 1F and 1S (with the help of
HyperChem program, MM+ method) showed that the
closest P-CH;—H-5' of ribose a ring contact of 2.37 A was
in the structure of the Rp diastereomer. In contrast, the model
structure of diastereomer Sp revealed the P—CH;—H-3' of
ribose b ring distance of 2.38 A as the closest one. These
data support our assignment of absolute configuration at the
phosphorus atom as Rp for TLC fast migrating dimers 1F
and 2F as well as Sp for TLC slow migrating dimers 1S
and 28S.

2.2. Conformational analysis and molecular modelling of
P-chiral diastereomers of dinucleoside methane-
phosphonamidates 1 and 2

In our previous work’ the simple equation based on vicinal
coupling constants between protons 1’ and 2//2"1° was used
to establish population of conformers of each deoxyribose
ring of 1F and 18. In the present work we employed more
elaborate methodology which allowed us to obtain the
pseudorotation parameters. The phase angle P, and
maximum puckering amplitude ¥,2%?! for major and
minor conformers were determined for the a and b sugar
rings of the pairs of diastereomers 1 and 2. In addition, these
parameters were further used as constraints in molecular
modelling of the most likely structure of the respective
derivatives.

Conformational analysis of the sugar moiety was performed
with the computer program PSEUROT?°~2> with the use of
A electronegativities®® for the substituents along H—C—-C—
H fragments in the six-parameter generalized Karplus—
Altona equation.?’” The vicinal coupling constants used as
input were taken from the WINDAISY simulation. The
following A electronegativity values were used: 0.00 for H,
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Table 2. Pseudorotational parameters of diastereomers F and S of dimers 1 and 2. Parameters P, ¥ and %S characterize the North—South pseudorotational
equilibrium of furanose rings a and b in each of the dinucleoside methanephosphonamidates. *Jiy;; coupling constants measurements were carried out at 23, 35

and 45 °C
Compound Sugar Pseudorotation parameters % South RMS
Py Ny Pg Sy, 296 K 308 K 318K

1F a 7 30 156 30 77 78 78 0.205
b 31 33 156 33 56 52 50 0.363

1S a 37 36 196 36 81 76 76 0.065
b 14 34 156 34 61 58 53 0.228

2F a 7 29 171 29 69 68 71 0.079
b 20 35 156 35 18 18 19 0.558

28 a 16 31 171 34 65 65 64 0.051
b 24 34 156 34 14 16 17 0.524

Pseudorotation parameters are in degrees, RMS error is in Hz.

0.58 for the heterocyclic base, 1.19 for the methanephos-
phonamidate [3-NH-P(O)(CH3)O-5'] moiety, 1.17 for
OAc, 0.62 for C1’ and C4/, 0.67 for C2', 1.40 for O4' and
0.68 for C5'. In the optimization procedure the geometries
and populations of both N-(C3'-endo) and S-type (C2'-endo)
pseudorotamers were varied to obtain the best fit between
the experimental and the calculated coupling constants. Our
optimization procedure started with the following values:
PN=19°, WN=36°, Ps=156° and ¥5=36°. The puckering
amplitude and phase angle of the minor conformer were
kept frozen during individual iterative least-squares optimi-
zation, whereas parameters for the major conformer were
freely optimized. The optimization resulted in the P and ¥,
for the N- and S-type geometries of the sugar moieties
which best agreed with the experimental 3Jyy coupling
constant data (Table 2).

The influence of the change of nucleobase on the
conformation of the deoxyribose rings in the dinucleoside
units is apparent when comparing puckering parameters for
dimers 1 and 2. The most significant distinction between
dimers TXT and CXT is the conformation of the sugar rings
b (Table 2). Conformational analysis of sugar rings in TXT
(1) showed a preference for S-type conformers as is usual in
deoxyribonucleosides and their 5'-phosphates. The com-
parison between a and b sugars in both slow and fast
fractions of compound TXT (1) shows that populations of
the S-type conformers in sugar ring b are ca. 20 unit percent
lower that in the case of sugar ring a. It has been shown??
that replacement of the OH group on C3' of thymidine with
an NH, substituent decreases the S-type population to ca. 40
percent. Thus it is reasonable to expect a lower S-type sugar
population upon introduction of a methanephosphonami-
date moiety as in the case of the sugar ring b in TXT (1).

In the case of compound CXT (2) the N—=S pseudorotational
equilibrium was biased towards S-type conformers for sugar
a for both slow and fast fractions. For sugar b the N—=S
pseudorotational equilibrium was surprisingly strongly
biased towards N-type conformers. Namely, the populations
of S-type conformers at 296 K were 14 and 18% in 2S and
2F, respectively. This can be explained by two effects. First,
there is a preference of the methanephosphonamidate
moiety for N-type conformers, as already shown in the
case of 1. Second, there are stacking interactions of the
modified cytosine bases in CDCl; that additionally drive

the pseudorotational equilibrium towards the N-type con-
formers. Since the conformational preferences observed for
3’-substituted 3’-deoxythymidine derivatives strongly
depend on the electronegativity of the 3'-substituent?® and,
as it is well known,?® nucleoside phosphoramidates adopt
predominantly a C3'-endo sugar ring conformation, it is
reasonable to expect the methanephosphonamidate DNA
analogues to adopt a North conformation for sugar rings
substituted with an amino functionality that is opposite to a
typical B-DNA helix ring puckering.3? Interestingly, the
chirality at phosphorus has little influence on the puckering
parameters. The ratio of South to North conformers is only
slightly dependent on the temperature of the experiment,
resulting in subtle changes of the %S value. The biggest
changes in population of the conformers as a function of the
temperature are observed for sugar ring b of dimer 1S
[A(%S)=8].

Molecular modelling is an approach which allows rational-
isation of constraints obtained by means of spectroscopic
techniques and visualisation of the most reliable set or
family of conformers. The PM3 semi-empirical method was
used for calculations.?'-32 The 3D structures of 1 and 2,
calculated with partially frozen geometry, as obtained from
NMR measurements, are shown in Figure 4. The calculated
torsion angles which characterize chain geometry>° and the
data showing differences between energy of fully optimized
and partially frozen structures of 1 and 2 are attached as
Supplementary Material.

3. Conclusions

The absolute configuration at the phosphorus center of both
TXT and CXT methanephosphonamidate dimers is assigned
as Rp for fast migrating dimers, and as Sp for slow migrating
dimers. Conformational analysis of both pairs of diastereo-
mers indicates significant conformational differences in
sugar ring puckering, which strongly depend on the nature
of the nucleobase at the 5'-terminus of the dimer. The ribose
rings of the 3'-amino-2’,3'-dideoxycytidine moiety of both
diastereomers of CXT adopt predominantly C3'-endo
(North) conformation, while thymine-substituted ribo-
furanoses in CXT or TXT dimers exist predominantly in a
C2'-endo (South) conformation.
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Figure 4. The 3D structures of diastereomers TXT (1F and 1S) and CXT (2F and 2S) obtained by means of the PM3 semi-empirical method. NOE-cross-peaks

are indicated.

4. Experimental
4.1. Synthesis and purification of 2

Dinucleotide methanephosphonamidates TXT (1) and CXT
(2) were synthesized and separated chromatographically
into fast (1F and 2S) and slow migrating diastereomers (1F
and 2S) as described previously.”'0 If necessary, further
purification was achieved by silica gel column chroma-

tography in a gradient of methanol in chloroform (up to
5%). Compounds were dried in vacuo and then used for
NMR measurements.

4.2. NMR measurements in the solution
The 5 mg samples of 1 or 2 were dissolved in 0.5 mL of

CDCl;. All spectra were recorded on Bruker Avance DRX
500 spectrometer, operating at 500.13 MHz for 'H,
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125.2578 MHz for '3C and 202.46 MHz for 3'P. For all
experiments original Bruker pulse programs were used. The
chemical shift of CDCl; signal was used as a reference
(6=7.24 ppm for 'H and 6=77.0 ppm for '3C). 85% phos-
phoric acid was used as an external standard for 3'P spectra.
The spectrometer was equipped with a Pulse Field Gradient
Unit (50 G/cm). The inverse broadband probehead was
used.

The COSY90 spectra were obtained from 1024 experiments
with 4 scans of each. Relaxation delay was 1.5s. The
spectral width was 10 ppm (5000 Hz) in both dimensions.
The data size in F2 was 4 K. Digital quadrature detection
(DQD) was applied. Two 10 ws length z-gradient pulses,
strength of about 5 G/cm each, were applied with 1 ms delay
for gradient recovery. The FIDs were apodized with a sine-
bell function in both dimensions. Final data were zero filled
twice in both dimensions and symmetrized about the
diagonal.

The ROESY spectra were recorded in a 2 KX1 K (F2XF1)
data matrix. Digital quadrature detection was applied and 32
scans were accumulated in each experiment. The experi-
ment was run in a phase sensitive mode with a 3650 ms cw
pulse for the ROESY spin lock. The spectral width was
4500 Hz (9 ppm) in both dimensions. Data were processed
with a sine-bell shape apodization function in both
directions and TPPI in F1. No zero filling was applied.

The PFG-HMQC spectra were acquired in 1 Kx4 K
[F1('3C)xF2('H)] data matrix. Three 1ms length z-gradient
pulses, strength of about 25, 15 and 20 G/cm, in sequence
were applied with 1 ms delay for gradient recovery. Spectral
width was 4000 Hz (8 ppm) in F2 ('H) and 25 kHz
(200 ppm) in F1 (13C). A Garp decoupling sequence was
employed. Final data were processed with a sine function in
F1 and gsine in F2 dimension.

The PFG-HMBC experiment was acquired in a 0.5 KX4 K
(F1xF2) data matrix and 8 scans for each experiment. Three
I ms length z-gradient pulses, strength of about 25, 15 and
20 G/cm, in sequence were applied with 50 ps delay for
gradient recovery. Final data were processed with sine-bell
and gsine-bell functions in F1 and F2 dimensions
respectively.

4.3. Molecular modelling

All structures discussed were calculated by means of PM3
routine employing Gaussian 98 program running on the
Silicon Graphic Power Challenger computer. The calcu-
lations were run until the minimum, defined by the
following parameters: maximum force <<0.000450; RMS
force <0.000300; maximum displacement <0.001800, and
RMS displacement <0.001200 was reached. Geometrical
constraints were calculated for structures of compound 1
and 2 with fully optimised geometry as well with ‘frozen’
conformation of sugar rings as shown in Figure 4. More-
over, Figure 4 displays distances given in A between
protons for which NOE effects were observed (see Fig. 1)
The data for fully optimised structures with distances
between protons corresponding to those presented in Figure
4 are attached as Supplementary Material.
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