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ABSTRACT

Short oligo(deoxynucleoslde phosphorothioate)s were
analyzed as a pool of individual diastereomeric
species. The composition of such mixtures, deter-
mined by means of HPLC, Indicates that consecutive
couplings in commonly used phosphoramidite chem-
istry lead to Increasing contents of the Rp isomer.
Methods of analysis and mathematical basis for
diastereomeric composition are discussed. Data pres-
ented include all 16 possible combinations of nucleo-
sides in dlnucleotide phosphorothioates, as well as
examples of trimers and tetramers.

INTRODUCTION

Recent interest in the application of oligo(nucleoside phosphoro-
thioate)s (I, Oligo-S, Fig. 1) for selective gene regulation, which
has been demonstrated both in vitro and in vivo (1-5) prompts
studies on their mechanism of action, cellular transport and
pharmacokinetics. Also, existing synthetic and purification
methods for Oligo-S are under investigation for the purpose of
improvement and scale-up (6).

In the case of the Oligo-S synthesis the one unsolved, and
perhaps not appreciated, is the problem of their diastereomerism.
Replacement by sulfur of one of the non-bridging oxygens of the
internucleotide phosphate creates a new stereogenic center
(7-12), and Oligo-S prepared by existing methodologies consists
of the mixture of 2" diastereomers where n is a number of
phosphorothioate internucleotide linkages. This fact results in
averaging of many characteristics which are noticeably different
in stereoregular oligomers, especially 'all Rp' and 'all Sp'. The
differences are observed in hydrophobicity, hybridization para-
meters and charge density. Undoubtedly, before further applica-
tion of Oligo-S as therapeutic agents (13) can occur, detailed data
on the influence of the configuration on biological activity will
have to be acquired and evaluated. As the first step in these
considerations we have started analytical studies on the diaster-
eomenc composition of oligonucleotides prepared according to
the methods assumed to be non-stereospecific

Oligonucleotide phosphorothioates are usually prepared by
solid phase synthesis utilizing phosphoramidite methodology
(14—16), where each step of oxidation of intermediary internu-
cleotide O-(2-cyanoethyl)phosphite is replaced by sulfunzation

V

V
B = Ade, Gua, Cyt, Thy

Figure 1. Ohgonucleoude phosphorothioate Example shows 'all Rp' configur-
ation

The other method, based on the H-phosphonate chemistry
(17-20), results in ohgo{nucleoside H-phosphonate) bound to the
solid support which can be sulfurized in one final step Recently
we have introduced a new sulfurizing agent (21) which can be
used in the phosphoramidite method A protocol, described below
is routinely used for the synthesis of all phosphorothioate analogs
in our laboratory and was utilized in the presented studies.

MATERIALS AND METHODS

Oligonucleotide phosphorothioates

Oligonucleotide phosphorothioates were prepared using the
standard coupling method (DNA synthesizer, Applied Biosys-
tems, model 38OB), followed by sulfurization with a 0.08 M
solution of bis(diisopropoxyphosphinothioyl) disulfide (21) in
acetonitnle:pyridine (2:1 v/v) for 45 s (—400 \L\). Substitution of
this step for iodine oxidation was the only change in the standard
protocol. Two sets of the samples were prepared, either with or
without 5'-dimethoxytrityl group. All 16 possible dinucleotides
were synthesized. Four sets of homo-oligomers (trimers and
tetramers) were also prepared The best separation of diaster-
omers was achieved for oligodeoxycytidine and oligodeoxyade-
nosine phosphorothioates, and these were chosen as examples.

HPLC analysis

Crude mixtures were analyzed by means of HPLC, using a
Supelcosil RP-18 column (5 (i, 2 3 mm x 250 mm) As a mobile
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phase 0.1 M TEAB buffer (pH 7.3) was used, and the following
gradients of acetonitrile in the above buffer: A, 0.5% CH3CN/
min; B, 0.33% CH3CN/min; C, 0.25% CH3CN/min; D, 1%
CH3CN/min. In all cases the flow rate was 1 ml/min.

Enzymatic analysis

Assignment of the configurations at individual diastereomers was
performed, according to known procedures, using stereospecific
nucleases, namely phosphodiesterase I (Type IL Sigma), 21'-exo-
nuclease which cleaves selectively Rp phosphorothioates, and
nuclease PI (Sigma), endonuclease by which phosphorothioates
of Sp configuration are cleaved. Aliquots of 2 A26O U were
incubated at 37°C for 24 h. The digestion mixtures were
additionally treated with alkaline phosphatase (Type ni-N,
Sigma) (incubation at 37°C for 1 h) in order to remove terminal
phosphorothioate groups produced by nucleases.

RESULTS

Table 1 indicates the percent of the [Rp] and [Sp] isomers in all 16
possible dideoxynucleoside phosphorothioates, as a peak integra-
tion (retention time in the above conditions). Coupling efficiency
calculated from the chromatogram was not lower than 98%.

itiUe 1. Diastereomenc ratio ([Rp] [Sp]) of dinucleoside
(3'^Ophosphorothioates

depends more on the nucleotide being coupled, than on the
nucleoside bound to the solid support

Theoretically, using the set of values depicted in Table 1, one
can calculate the yield of single diastereomeric entity of any given
sequence, and determine the fraction of required combination
using probability (yield) of given diastereomer resulting from
coupling of corresponding nucleosides.

where P is an overall yield, and p, designates consecutive
coupling stereoselectmties up to n. To simplify calculations in the
initial quantitative measurements we have chosen short Oligo-S
which are homo-oligomers. In this case, the composition is
described by the polynomial equation:

(x + y)n = xT + • y + (n -

where x is diastereoselectivity of [Rp]-formation, and y = 1 - x is
diastereoselectivity of [Sp]-formation.

If we consider as an example the pentamer d[(Cps)4C], for
which x = 0.6, then

(x + yf = x4 + Ax^y + (ufiy1 + Axy3 + / =
= 0.1296 + 4(0.0864) + 6(0.0576) + 4(0.0384) + 0.0256

From the above, we can calculate the following composition of
the mixture of 16 diastereomers: 12.96% of RRRR, 8.64% each
of four diastereomers SRRR, RSRR, RRSR, RRRS, 5.76% each

Dinucleoside

phosphorothioates

d(ApsA)
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(%)

48 30

44 70

42 94

41 39
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49 08

51 38
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46 56
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40.30

39 98

46.24

4 3 %

37 34

40 36

Rt (nun)"

21 0

19 1

190

21 6

19 1

17 2

173

20 0

176

155

156

179

20 4

182

190

21.2

of six diastereomers SSRR, SRSR, SRRS,
3.84% each of
2.56%ofSSSS.

four diastereomers RSSS,
RSSR, RSRS, RRSS,
SRSS, SSRS, SSSR,

In all shown examples configuration symbols are
in the 5' to 3' direction.

Table 2. Diastereomenc composition for the tnmer d(CpsCpsC) and
d(ApsApsA) observed in HPLC chromatograms compared with calculated
values

Isomer

d(CpsCpsC)

R,R

R,S

S.R

S,S
J / A A A \

Ol"PSAPS'V
R.R

R.S

S.R

s,s

R t (nun)11

17 08

19.42

1854

20 30

35 20

3701

37 37

38.51

Observed (

32 56

24 10

24 55

18 77

29 13

26.06

22 73

22 08

%) Calculated (%)

32 49

24 21

24 81

18 48

29.15

25 85

23.85

21 15

"Gradient A

The data included in Table 1 clearly show that phosphoramidite
coupling process occurs with some 'stereoselectivity', most
pronounced for dipynmidine dinucleotides, where diastereomer-
ic ratio is roughly 60:40. Predominance of diastereomers with
[Rp] configuration is not a general phenomenon, for in the case
of d(GpsA) and d(GpsC) predominant was the [Sp] configuration
(57.4 and 51.4%, respectively). Apparently, the composition

•For d(CpsCpsC). gradient A, for d(ApjApsA) gradient C in which base-line
separation was achieved Corresponding retention times ford(ApsApsA) using
gradient A were: 21 45, 22.89, 22.59 and 23.92 min.

The above calculation is based on the assumption that the Rp:Sp
rate (x) is preserved at each coupling step throughout the
synthesis. However, this assumption is only true for the synthesis
of the dimer. Table 2 shows percent of each of four possible
diastereomers determined by HPLC for d(CpsCpsQ and

). For these trimers we achieved best separation of
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5' 31

Rp(%)

SP(%)

60 59 58

40 39 38

51 31

Rp (%)

Sp (%)

55
45

0
0

53
46

5
5

52 0
48 0

Figure 2 Diastereomenc composition at individual coupling steps calculated
from HPLC integrals

four diastreomers, and thus the peak integration is most accurate.
In both cases, the integrals indicate that the second coupling
proceeds with different Rp:Sp distnbution than that measured for
the first coupling. Corresponding values are shown in Figure 2.

The separate question was concerned with assignment of the
configurations in the isoforms of Oligo-S. As proven for
numerous cases of diastereomeric dimers, their configuration can
be assigned by virtue of their susceptibility to enzymatic digestion
(22-28). Thus, digestion with nuclease PI (followed by alkaline
phosphatase) yields a ladder of mononucleoside, dinucleoside
phosphorothioate (and eventually longer oligomers) with 'all Rp'
configurauon at the phosphorus Similar treatment with phospho-

diesterase I results in hydrolysis of 3'-terminal intemucleotide
phosphorothioates of Rp configuration. HPLC analysis allows
assignment of configurations of tnmers, and with an aid of
calculations, of tetramers (Fig. 3).

It is worth noting that the elution order for diastereomers RS
and SR in d(CpsCpsC) and d(ApsApsA) is in agreement with
calculations, but cannot be deduced from the sequence, and
indicates that there are no straightforward analogies even for
simple diastereomeric mixtures.

Figure 3 shows clearly that 'all Rp' and 'all Sp' tetramer can be
easily disunguished in the mixture as the largest and smallest peak
(in all studied cases also fastest and slowest eluted), respectively.
Table 3 shows results for the terramers d(CpsCpsCpsC) and

In order to support the assumption that the couplings proceed
with increasing Rp selectivity we analyzed 5'-DMT protected
oligonucleotides. Two examples are shown in Figure 4 Presence
of the bulky group at the 5'-end results in separation only into
5'-terminal diastereomers (e.g for d[(Cps)nC] faster eluted peaks
are those with Sp configuration at the first intemucleotide bond
from the 5' end, while slower eluted are of Rp configuration,
respectively). The pattern is reproducible up to the length of
12mer, although the accuracy of the integration is significantly
reduced. In our analyses we have checked the ratio of the
5'-terminal Rp.Sp, as well as, where possible, the Rp:Sp ratio of
the second intemucleotide phosphorothioate moiety from the 5'
end. All results support the first observation that consecutive
couplings proceed with increasing Rp stereoselectivity.

A) B)

15 16 17 18 19 20 21 22 23

Retention time (min)

34 35 36 37 38 39 40

Retention time (min)

25 26 27 28 29 30

Retention time (min)

31

d(APSAPSAPSA)
SRB
RSK

29 30 31 32

Retention t ime (min)

33

Figure 3. HPLC chromatograms of (A) d(CpsCpsC) and d(CpsCpsCpsC) (gradient A) and (B) d(ApsApsA) and d(ApsApsApsA) (gradient Q Corresponding
configurations are marked above the peaks
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n= 5

n= 4

n= 3

n= 2

18 19 20 21 22 23 24 25 26

Retention time (min)

15 16 17 18 19

Retention

S S -
SRT

20 21

R S -
ftRR-

22 23 24

t i m e (min)

Figure 4. HPLC chromatograms of 5'-DMT protected ohgonucleoudes d[(Cps)nC] and d[(Aps)nA] (gradient D) Retention times are decreased with increasing length
of the ohgomer, as relative hydrophobicity of the molecule decreases

liable 3. Diastereomenc composition for the tetramer d(CpsCpsCpsC) and
d(ApsApsApsA) observed in HPLC chromatograms, compared with
calculated values

Isomer

R.R.R

S.R.R

R.S.R

R.R.S

S.S.R

S.R.S

R.S.S

S.S.S

A( A A A A1
d(ApsApsApsAj
R.R.R

S.R.R

R.S.R

R.R.S

S.S.R

S.R.S

R.S.S

S.S.S

R t (min)*

23 47

24 48

26 45

25 09

27.12

26 24

28 32

29 05

1

2051

21.52

23 03

23 31

21 84

24 81

Observed

20 4

13 1

149

168

9 6

89

10 1

62

15.8

25.6

23 6

11.6

12.7

107

Calculated

20 6

137

142

149

9 5

9 9

10 39

6 9

15 3

12.5

258

13.3

14 1

25.0

109

11.6

12.3

100

•Gradient A In d(ApjApsApsA), diastereomer SRR could not be resolved from
RSR, and RRS from SSR, to give reliable integration of individual peaks

DISCUSSION

Early attempts in the stereocontrolled synthesis of Ohgo-S
involved separation of 5'-0-DMT-N4-benzoyl deoxycytidine
3'-O[(O-methyl)-N,N,-diisopropyl phosphoramidite into diaster-
eomencally pure forms and their use for the synthesis of d(CpsC)
(9). However, dimer formation under conditions of phosphorami-
dite approach is accompanied by rapid epimerization of the
substrate by fast ligand-ligand exchange of the tertrazolide
moiety. It is known that the sulfurization process is stereoreten-
tive, and the diastereomenc mixture composition is attained
during coupling (29). Use of other sulfurizing agents (elemental
sulfur, 3H-l,2-benzodithiol-3-one 1,1-dioxide) gives similar
diastereomenc composition (<0.2% difference). It is highly
probable that similar composition was obtained in all cases where
phosphoramidite chemistry was used, and oligonucleotide phos-
phorothioates used in the biological studies had Rp:Sp distribu-
tion of diastereomers different from 1:1. Moreover, the
'stereoselectivity' of consecutive coupling steps can differ with
the length of the oligomer chain growing on the solid support.
This leads to unpredictable diastereomeric composition. How
important the stereogenicity of the phosphorothioate moiety is for
use in biological systems remains to be answered. The HPLC
analysis and enzymatic hydrolysis can be valuable tools for
determining composition, configuration and purity of the Oligo-
S. The above results show significance of the stereogenicity of the
internucleotide phosphorothioate, as the reversed phase HPLC
indicates differences in one of the most important interaction
parameters, namely hydrophobicity. Additionally, similar, al-
though less pronounced differences were observed in capillary
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electrophoresis (data not shown), where mobility is determined
by the charge distribution Nuclease assisted stereospecific
hydrolysis of the phosphorothioates is an example of complexity
of the proteins which are 'excessively' equipped with the ability
to distinguish stereogeruc centers in the artificial analog of
biomolecule which in its native form bears achiral phosphates
Stereocontrolled synthesis of Oligo-S is still not fully developed
However it is the only way to elucidate significance of the
phosphorothioate stereogenic centers on the biological activity of
these antisense analogs. Successful action of the latter involves
several individual steps: cellular uptake, selective recognition of
the target, and actual inhibition most probably assisted by RNase
H (30,31). In all these stages stereogenicity at the phosphorus can
influence the result Complex mixtures of thousands of diaster-
eomeric species may not be necessary, providing useless, and
hopefully not harmful, ballast in which only a minute fraction is
really active.

REFERENCES

1 Stein.C A , Tonkinson, J L and Yakubov, L (1991) Pharm. Therapeutics,
52, 365-384

2 Gao, W Y., Han, FS , Storm, C , Egan, W and Cheng, YC (1992) Mol
Pharmacology, 41, 223-229

3 Ratajczak, M Z , Kant, J.A , Luger, S M , Hijiya, N , Zhang, J , Zon, G
and Gewirtz, AM (1992) Proc Nail Acad, Set USA, 89, 1823-1827

4 Ivcrsen, P (1991) Ann-Cancer Drug Des , 6, 531-538
5 Simons, M , Edelman, E R , Dekeyser, J L , Langer, R. and Rosenberg RD

(1992) Nature, 359, 67-70
6 Zon, G and Geiser, TG (1991) Anti-Cancer Drug Des , 6, 539-568
7 Stec, WJ., Zon, G , Egan, W and Stec B (1984) J Am. Chem. Soc , 106,

6077
8 Stec, WJ and Zon G (1984) Tetrahedron Utt , 25, 5275

9 Stec, WJ. and Zon G (1984) Tetrahedron Utt, 25, 5279
10 Stec, WJ , Zon, G and Uznanski B (1985) J Chromatogr, 326, 263
11 Stec, WJ , Grajkowski, A , Koziolkiewicz, M and Uznanski B (1991)

Nucleic Acids Res , 19, 5883
12 Suska, A , Grajkowski, A , Wilk, A , Uznanski, B , Blaszczyk, J ,

Wieczorek, M and Stec, WJ (1993) Pure Appl Chem , 65, 707
13 Murphy, PR , Sato, Y and Knee, R S (1992) Mol Endocnnol, 6,

877-884.
14 Beaucage, S L and Caruthers M H (1981) Tetrahedron Lett, 22, 1859
15 Caruthers, MH (1985) Science, 230, 281
16 Beaucage, S L and Iyer R P (1992) Tetrahedron, 48, 2223
17 Garegg, PJ , Regberg, T, Stawinski, J and Stromberg, R (1985) Chemica

Scr, 25, 280
18 Garegg, PJ , Lindh, I, Regberg, T, Stawinski J and Stromberg R (1986)

Tetrahedron Lett , 27, 4051
19 Andrus, A , Efcavitch, J W, McBnde, L and Giusti, B (1988)

Tetrahedron Lett , 29, 861
20 Froehler, B C , Ng, PG and Matteucci, M D (1986) Nucleic Acids Res ,

14, 160
21 Stec, WJ , Uznanski, B , Wilk, A , Hirschbein, B L , Fearon, K.L and

Bergot, BJ , (1993) Tetrahedron Utt, 34, 5317-5320
22 Eckstein, F (1986) Biochemical Soc Trans , 14, 204-205
23 Burgers, PMJ and Eckstein, F (1978) Tetrahedron Utt, 40, 3835
24 Eckstein, F (1985) Ann Rev Biochem., 54, 376
25 Burgers, PMJ and Eckstein, F (1979) Biochemistry, 18, 450
26 Connolly, B A , Potter B VL , Eckstein F, Pingoud A and Groyahn L

(1984) Biochemistry, 23, 3443
27 Potter, B VL , Connolly, B A and Eckstein F (1983) Biochemistry, 12,

1369
28 Lesser, D R , Grajkowski, A , Kurpiewski, M R , Koziolkiewicz, M , Stec,

WJ and Jen-Jacobson L (1992)7 Biol Chem , 267, 24510
29 Wilk, A , Uznanski, B and Stec, WJ (1991) Nucleic Acids Symp Ser, 24,

63-66
30 Rosolen, A , Kyle, E , Chavany, C , Bergan, R , Kalman, E , Crouch, R

and Neckers, L (1993) Biochwue, 75, 79-87
31 Hatta, T, Kim, S G , Nakashima, H , Yamamoto, N , Sakamoto, K ,

Yokoyama, S and Takaku, H (1993) FEBS Utt , 330, 161-164

 at Pennsylvania State U
niversity on Septem

ber 16, 2016
http://nar.oxfordjournals.org/

D
ow

nloaded from
 

http://nar.oxfordjournals.org/

