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Abstract
A new method is presented to predict with high probability the stereochemistry of any synthesized dinucleoside alkylphos-
phonate on a basis set of at least five dimers (Rp and Sp). This method was developed and tested with all 16 nucleoside
methylphosphonate dimers. All methylphosphonate dimets with the naturally occuring bases Ade, Thy, Gua and Cyt were
synthesized and analyzed usiniUV, NMR spectroscopy. From these experimental data parameters could be ex-
tracted for use as variables in the subsequent multivariate analysis. Analysis of variance showed which variables could be
used to distinguish between the two diastereomers. These selected variables were used as input variables for factor analysis.
After varimax rotation two factors were obtained re nting the ROE’s from the P-Me group to the 5°- and the 3 -nucleo-
side. These factors were then used as predictor variables in the following discriminant analysis. By that procedure a ste-
reochemical predicition model was developed in which all 32 diastereomers were assigned unambiguously.

INTRODUCTION
Oligonucleoside alkylphosphonates are very attractive nucleotide analogues!:2 for use as antisense oligo-
nucleotides. In these compounds the negatively charged phosphate oxygen is replaced by an alkyl group
(Fig.1), this facilitates their penetration into cells3. Their unnatural linkage is also resistant to nucleases4.
Furthermore, based on electrostatic arguments alkylphosphonates with defined stereochemistry should
hybridize stronger with complementary DNA or RNAS. On the other hand the occurrence of either Rp or
Sp configuration on each chiral phosphorus center is a severe synthetical problem and there is no gener-
ally applicable method known to produce oligonucleotide alkylphosphonates with defined stereochemi-
stry with the exception of some nucleoside methylphosphonate dimersS.7 although there is considerable
evidence to support the notion that the stereochemistry about the phosphorus atom affects the ability of
the sequence to bind to its target8.

X-ray analysis so far has been the only reliable and unambiguous method of proving the absolute confi-
guration, But only two dimers could be crystallized and assigned so far%:10. Moreover there was some
confusion concerning the correlation of the X-ray data and the CD and HPLC datall,

The stereoregular synthesis of modified oligonucleotides can be achieved using dimer building block
synthesis where alkylphosphonate dimers have to be coupled12. The stereochemically defined building
blocks are synthesized either by stereoselective reactions or are separated by HPLC before use. This ap-
proach results in modified oligonucleotides with alternating stereoregular alkylphosphonate and phos-
phodiester bonds.

At this point the determination of absolute configuration at the chiral phosphorus center of the diastereo-

meric alkylphosphonate dimer building blocks is a prerequisite. Because there are four bases used to de-
sign dimers, synthesis results in 16 dimers times two diastereomers (32 compounds). Methods for a fast
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structure determination of new alkylphosphonate derivatives are needed without synthezising all 32 pos-
sible combinations of dimers.
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Fig.1 Structure of nucleoside dimers, the * indicates P-chirality

The aim of the present work is to elucidate possible variables and methods that can be used in the pre-
diction of configuration of any synthesizéd dimer using a small basis set of structurally determined di-
mers. The validity and reliability of these methods were tested in the case of methylphosphonate dimers.
Therefore all 16 deoxyribonucleoside methylphosphonate dimers were synthesized and the diastereomers
were separated by silica gel chromatography resulting in 32 compounds. From all dimers UV, CD and
ROESY spectra were recorded and analyzed in order to find parameters for further statistical analysis.

EXPERIMENTAL

Synthesis and separation of diastereomers

Deoxynucleoside methylphosphonates were synthesized according to the procedure proposed by Miller!3.
All dimers were purified and separated into individual diastereomers by silica gel chromatography with
CHCIl3/MeOH or (CHCl3/ethyl acetate)/MeOH gradients. Deprotection of nucleoside base protecting
groups and 3”-acetyl group were performed with an anhydrous ethylenediamine/ethanol mixture for 2h at
37 OC.. Detritylation was accomplished with 80% acetic acid in the case of 5°-DMT protecting group and
5% CF3COOH in the case of 5"-MMT protecting group. Final purification of the detritylated dimers was
achieved with RP-C18 chromatography using a 0-40% H;O/CH3CN solvent gradient19.

UV, CD and NMR measurements

CD spectra of the fully deprotected dimers were recorded with a JASCO J-600 spectropolarimeter in 1M
NaCl, 0.01M NaH,POQy4, 0.06 mM EDTA (pH 7.0) at 15 °C. UV Hyperchromicity percentage was
calculated after complete hydrolysis of the unprotected diastereomer in 1M KOH at 20 °C. ROESY
spectra of the fully protected dimers were recorded with Bruker AMX-400, AM 400 and AM 250
spectrometers. Measurements were done at 27 OC after an extensive purge of the sample with N5. Sam-
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ples were prepared as 100 mM solutions in CD3CN (30 mg of sample in 450 pl). The spectra were cali-
brated using the internal CH3CN signal at 1.93 ppm. The details of ROESY experimental parameters
were similar to those already described!4. Normally 512 experiments each of 32 transients were recorded
with a relaxation delay of 3 sec. The spectra were presented in phase sensitive mode with baseline cor-
rection. The assignment of sugar, base and protecting group signals and their corresponding cross-peaks
of the ROESY spectra were made for all dimers. The individual 5°,5""-protons of both sugars were not
assigned.

RESULTS AND DISCUSSION

Conformational analysis

The conformations of all dimers were studied by UV-, CD- and NMR spectroscopy. UV- and CD spectra
are very sensitive to base stacking effects. The hyperchromicity measurements suggest that the bases in
all dimers are stacked depending on base composition and stereochemistry (Fig.2). So hyperchromicity is
increased following the increase of base stacking (purine-purine > purine-pytimidine > pyrimidine-pyri-
midine). This effect is more pronounced for the Rp configuration than for the Sp configuration. Going
from the Rp to the Sp series the hyperchromicity effect is drastically reduced in most cases.

s UV hyperchromicity

-

GpGGpA GpT GpCApPG ApA ApT ApC TpG TpA TpT TpC CpGCpA CpT CpC
Methylphosphonate dimer

Muvvr, Suvsp

Fig.2 Percent hyperchromicity of all 32 nucleoside methylphosphonate dimers after complete hydrolysis of the unprotected
diastereomers in 1M KOH at 20 °C

Compared to UV spectra the magnitude of the molecular ellipticity in dimers is furthermore sensitive to
the angle between the transition dipoles of the bases.The value of the molecular ellipticity is greatest for
an angle of 45° it diminishes if the angle is 0, 90 or 180°. For that reason CD spectra are not so easily
correlated to base composition and stereochemistry of the dimers as UV spectra.
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Differences in the extent and mode of base stacking interactions are observed for the individual diaste-
reomers. The profiles of CD spectra for pairs of dimers are qualitatively similar suggesting a B-like con-
formation. They show a positive band near 280 nm and a negative band near 250 nm. However, the
magnitude of molecular ellipticity is higher for the first eluting isomer (Rp) than for the second eluting
isomer (Sp) in all cases except Gp(Me)A (Fig.3).

CD mdeg

GpGQApA GpT GpCApQApA ApT ApC TpQ TpA TpT TpC CpGCpA CpT CpC
Methylphosphonate dimer

Fig.3 Molecular ellipticity difference of the 280 nm and 250 nm band of the methylphosphanate dimers measured in 1M
NaCl, 0.01M NaH,POy, 0.06M EDTA,pH 7.0 at 15 °C

Looking at the NMR shift data, differences were detected for the proton chemical shifts of the P-CH3
group. In most cases the signal of the first eluting isomer (Rp) was shifted towards higher field compared
to the second eluting isomer20 (data not shown).

For NMR conformational analysis interproton distances were chosen (ROEs). Although analysis can also
be done using coupling constants for the determination of torsion angles it should be emphasized that the
torsion angle is not the usual Euclidian-type variate because of having both directionality and periodicity.
Interatomic distances as molecular descriptors do not bear these complications.

The ROESY data show many interactions20, the P-CH3 group interacts with protons of both nucleosides
and with the DMT protons (Fig.4).
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Fig.4 Typical ROESY spectrum of individual diastereomer showing the region of interacions of the P-CHj group with
deoxyribose protons. Spectrum of Sp diastereomer of (DMT)bzdCp(CH3)dT(Ac) is presented

It was shown by the work of Bower et al.15 that in an octamer duplex with one methylphosphonate Jin-
kage Rp and Sp configurated methylphosphonates could be distinguished by the NOE of the P-Me group
to the 3"-proton of the 5”-nucleoside. There in all cases examined the Sp-duplexes gave an NOE cross-
peak between the P-CH3 and the H3 of the n-1 nucleoside because it is the Sp isomer which has the P-
CHj3 bond pointing toward the major groove with the methyl protons in the vicinity of the H3". This
crosspeak was absent in the Rp isomer.

Interestingly Loeschner et al.14 found that in the case of dimers that crosspeak is present in the Rp as well
as in the Sp isomer. Here the crosspeak from the P-CH3 to the H4” (n-1) was used as a criterion to distin-
guish between the diastereomers. It was found that this cross-peak was more intense in the Rp than in the
Sp isomer. On the other hand this crosspeak was not detected in the octamer duplex. We found now that
even the criterion proposed by Loeschner et al.  does not hold in all 32 cases of methylphosphonate di-
mers.

The reason for this partial failure is that duplexes and dimers are quite different in their conformational
behavior. In the case of the duplex the methylphosphonate linkage is forced into a helical conformation
with nearly no freedom regardless whether the phosphorus is Rp or Sp configurated.

Methylphosphonate dimers in contrast to oligomer duplexes show a high degree of conformational flexi-
bility. So it is clear that the interatomic distances determined from the ROESY data do not represent di-
stances in one defined conformation but an average distance of many conformational populations in a
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rapid equilibrium. This is a difficult situation for the complete analysis of conformational states. There-
fore the diasterecomers cannot be analyzed due to the existence of different single conformations. Here we
favor the concept of two different conformational ensembles, which exist for the two sets of diastereo-
mers. These conformational ensembles cannot be easily predicted and have to be treated statistically.
From the above considerations it becomes clear that the high and different conformational flexibility of
the dimers explains why no simple criterion could be detected for all possible dimers although fully pro-
tected dimers were analyzed by ROE in this study because they were expected to possess a more rigid
conformation in organic solvents.

Stereochemical modelling indicated that the interaction of P-CH3 to H(3") of the 5”-residue is possible
for both diastereomers. Therefore in the case of dimers this interaction cannot serve for the assignment of
absolute configuration in any case. In all ROE spectra the interactions of the P-CH3 to the DMT protons
are present indicating relatively short distances. Therefore any changes in the rotational freedom of the
DMT group around the C(4)-C(5")-bond should influence the rotational freedom around the P-O(3")
bond and furthermore the position of the phosphorus methyl group relative to the 4°and 5°-protons. All
data obtained, indicate that the conformation of a diastereomer and consequently of a set of ROE-inter-
actions depends strongly on conformational differences and is dependent on the type of heterocyclic ba-
ses in the dimers, be it pyrimidine or purine.

Thus the ROE’s of the P-CH3 groups to the 3°, 4" and 5°-protons of both nucleosides as well as the CD
and UV data were analyzed together in order to find variables for a discrimination of configuration. This
was done by Two-Way-Analysis of Variance (ANOVA) using a fixed-effects model.The program
SPSS/PC+ was run for all calculations. This method allows the investigation of the effects of the two
factors (independent variables) stereochemistry and base composition on a specific ROE, the CD ellip-
ticity or any other dependent variable. In the analysis of variance the observed variability in the sample is
subdivided into two components, variability of the observations within a group about the group mean and
variability of the group means:

Yivz = m + ay + bz + (ab)yz + éjyz

where Y is the observed value, m the total mean of the population, a the effect of the first factor (stereo-
chemistry), b the effect of second factor (base composition), (ab) is an interaction term and e the not ex-
plained residual. The significance of the results is determined by the F-test. To determine the impor-tance
of each factor a Multiple Classification Analysis (MCA) was done. Several measures of association are
displayed in Table 1. The squared value of h indicates the proportion of variance explained by a given
factor. The multiple r value indicated the proportion of variance in the dependent variable accounted for
by all factors and interaction terms.

In table I it can be seen that only the UV hyperchromicity shows a significant dependence on both base
composition and stereochemistry (ID) where the dependence on base stacking effects (v = 0.65) is more
pronounced than the dependence on stereochemistry (n= 0.52). The ellipticity of the CD spectra shows a
clear dependence on stereochemistry and only a slight not significant dependence on base stacking ef-



Absolute configuration of dinucleoside alkylphosphonates 1049

fects. That is the case because the CD ellipticity is also dependent on the angle between the transition di-
poles of the bases, not covered in the above model.

Tab 1. Multiple Classification Analysis (MCA) :

Var F(ID) Sign. F(Base) Sign. n(ID) mn(Base) p(mult)
uv 30.7 0.000 240 0.000 0.52 0.65 0.84
CD 108 0.003 2.16 0.135 0.51 0.32 0.60
HPLC 203 0.166 0.75 0.481 nd. n.d. nd.

&(P-Me) 1.89 0.180 087 0.432 nd. nd. n.d.
ROE3"-Np 2.60 0119 000 1.000 nd. n.d. nd.
ROE4-Np 271 0.000 0.67 0519 069 015 07
ROES-Np 130 0.001 026 0773 056 011 057
ROE3’-pN 150 0.001 069 0511 054 016 057
ROE4-pN 36.1 0.000 217 0.135 069 024 0.73
ROE5-pN 0.57 0903 0.00 1.000 nd. nd. nd.

ID= stereochemistry of the dimer, Sign. = significance level reached (All values greater 0 05 are not significant), v = variance of factor
1/total variance
n d. = not determined because values are not significant, F = value due to F-statistical test, Base = base composition

The HPLC retention time is in our understanding not simply related to the stereochemistry or base com-
position of the dimer. No significant effect is observed although the order of elution in each dimer pair is
always the same. So the factors determining HPLC elution time remain obscure in this case.

All ROE’s show no significant effect due to base stacking but the ROE’s of the P-Me groups to H(4") and
H(5") of the 5"-nucleoside and the ROE’s to the H(3") and H(4") of the 3"-nucleoside are significantly
dependent on stereochemistry. The ROE between P-Me and H(4") of the 5 -nucleoside seems to be the
most reliable single variable in configurational assignment. This is in good agreement with our earlier
work. As a result, four distances were selected and submitted to further analysis.

Factor analysis

To verify whether all these distances are required for a complete description of the dimer system a prin-
ciple component factor analysis (PCA) was performed to determine the independent variables. Factor
analysis is an eigenvalues-eigenvectors method used to find a standardized linear combination of the ori-
ginal variables16. This method was already used for the analysis and interpretation of CD spectra of
nucleotide dimers17:18, The new variables called principal components are orthogonal and oriented, in
decreasing order, in the direction of the maximum variability of the data set. The aim of factor analysis is
to reduce the number of variables required to describe the covariance relationship of many variables in
the system without significant loss of information. )
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The observable random vector X (containing the four selected ROE random variables X;) has the mean m
and the covariance matrix S. The factor model postulates that X is linearily in-dependent upon a few
(let’s assume two) unobservable random variables Fy, F» called common factors, and four additional
sources of variation e called errors. So we get:

X1=mq +111F; +112F2+e1  (4"-Np)
X3 =m3 +121F) +122F2+e3  (5°.Np)
X3=m3 +131F) +132F2+e3  (3pN)
X4=myg+lg1F) +142F2+¢4  (4’pN) or X =m +LF +e.

The coefficient l; is called the loading of the i-th variable on the j-th factor.

Factor analysis usually proceeds in four steps. First the correlation matrix for all variables is computed.
In the second step, factor extraction - the number of factors necessary to represent the data and the
method of calculating them - must be determined. Here a principal component factor analysis was per-
formed. Due to the Kaiser criterion not to extract factors with eigenvalues less then one, two factors
were extracted. These two factors explain 78 % of total variance. Although the factor matrix obtained in
the extraction phase indicates the relation-ship between the factors and the individual variables it is
usually difficult to identify meaningful factors based on this matrix. So the following rotation phase of
the factor analysis attemps to transform the initial matrix into one that is easier to interpret. A variety of
algorithms are used for orthogonal rotation to a simple structure. The most commonly used method is the
varimax method, which attempts to minimize the number of variables that have high loadings on a factor.
The result of a varimax rotation of the two factors is shown in Table II.

Table II: Factor Loadings of the Two Extracted Factors

Variables Factor1  Factor2
Cum. % Variance 52.6 715
Varl ROE (H4"-Np) 0.911 -0.050
Var2 ROE (H5-Np) 0.830 -0.304
Var3 ROE (H3"-pN) -0.183 0.851
Var4 ROE (H4-pN) -0.120 0.846

As it can be easily seen in Table II , the first factor has high loadings for the ROEs associated with the
P-Me distances to the 5”-nucleoside while the second factor has high loadings for the ROEs associated
with the P-Me distance to the 3"-nucleoside. The two factors represent the ROE’s of the phosphorus
methyl group to both nucleosides and were used as new variables in further analysis.
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Discriminant analysis

The aim of the work presented here is to test, if the stereochemistry at the phosphorus of a synthesized
dimer could be predicted if a small basis set of dimers with determined stereochemistry exists. Therefore
in the first phase of analysis all available data, the dimers assigned earlierl4 as well as the two crystal
structures, will be used to evaluate a model for confirming the preassignment of configuration.

In discriminant analysis, linear combinations of the two predictor variables (factor1 and factor2) are
formed and serve as the basis for classifying dimers into one of the groups (Rp or Sp). In that sense the
linear discriminant equation is similar to the multiple linear regression equation16:

D=Bg+B1F1+ByFy
The coefficients Bi are chosen so that the values of the discriminant function differ as much as possible
between the groups.The discriminant scores for each dimer can be seen in Fig.5.

Using the two factor variables and the preassigned dimers ApyeT, TppmeT> AppeA, TpmeA and CppgG a
perfect fit between the preassigned groups and the groups obtained by discriminant analysis was achie-
ved. This proves that the assignment must have been correct. In combination with the known configura-
tion of the second eluting Apy, T isomer determined by X-ray9 all configurations can now be determined
unambiguously.

At last it was investigated if it is possible to predict the stereochemistry of any given nucleoside methyl-
phosphonate dimer with a small basis set of structurally known compounds used for the estimation of the
discriminatory function. For statistical reasons the number of cases used should be at least three to four
times greater than the number of variables. As it can be seen from Figure 5 the diastereomers could be
clearly separated due to discriminant analysis. All compounds with R configurated phosphorus show po-
sitive values of the discriminant function while the Sp configurated compounds show negative values.

-4 [ [ [ [ v 1 [ [ —

i 1
GpGGpA GpT GpCApG ApA ApT ApC TpG TpA TpT TpC CpG CpA CpT CpC
Methylphosphonate dimer

[ Jscore Rp &M Score Sp

Fig.5 Discriminant scores of all methylphosphonate dimers according to the discriminant function D = -0.397 factorl +
0.463 factor2
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One might wonder why the classification is much worse using CD or UV data although a clear differenti-
ation between the Rp and the Sp diasteromers is always possible (Fig.3). This is due to the fact that the
CD and UV data depend much more on other contaminating factors than the ROE data do. In conclusion
a direct comparison between two diastereomers of the same base composition is always successful with
UV, CD or HPLC methods but an assignment of the stereochemistry of any given dimer is not possible
without a comparison with the other stereoisomer.

We have shown here that in the case of highly flexible molecules an unambiguous assignment of confi-
guration on the basis of only a few compounds in combination with simple rules is problematic and will
not hold in all cases. So we propose a statistical method for configurational assignment of alkylphos-
phonate dimers on the basis of ROESY NMR data in combination with multivariate statistical proce-
dures. But there is still some work to do to explain the different ROESY pattems of the Rp and the Sp
isomers on a real physical and not only statistical basis. In order to successfully achieve this a full con-
formational determi-nation of dimers and oligonucleotides has to be derived at.
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