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Phosphorothioate-modified oligodeoxynucleotides (S-
ODNs) have attracted considerable attention because of their
potential as antisense inhibitors of gene expression. The ef-
fectiveness of an antisense oligonucleotide in inhibiting gene
expression depends on many factors, of which three that have
been typically evaluated are: (i) the nuclease resistance of the
antisense oligonucleotides, (ii) the thermal stability of the an-
tisense oligonucleotides-RNA hybrid formed with the anti-
sense oligonucleotides, and (iii) the ability of RNase H to de-
grade the RNA of the hybrid.1—5) One major problem in the
use of S-ODNs as antisense molecules is their low thermal
stability to the complementary RNAs. In order to overcome
this problem, several types of modification such as introduc-
tion of a cationic residue,6—15) enhancement of the stacking
interaction2,16—20) and fixation of the sugar conformation21—25)

were explored. Especially, cation-conjugation of oligonu-
cleotide makes amphiphilic molecules to reduce the net neg-
ative charge on oligonucleotides, and, therefore, it would
bring about improvement of the cell permeability. As the re-
sult, it is expected that cation-conjugation enables oligonu-
cleotides to be a better antisense therapeutic agent.

Previously, we have reported the synthesis and physico-
chemical as well as biological properties of novel S-ODNs
containing the branched polyamine-tethering nucleoside
analogs.26,27) It was disclosed that the S-ODNs possess
greatly enhanced selective hybridization ability to the com-
plementary RNA and the susceptibility of the DNA/RNA
heteroduplex to RNase H hydrolysis. Moreover, such S-ODN
exhibited potent antisense activity targeted to the rev gene of
HIV-1, even with a short oligonucleotide length (15-mer),
similar to the case of the unmodified longer (27-mer) S-
ODN.28) These results prompted us to investigate further
polyamine-conjugation of S-ODN. In this paper, we would
like to report the synthesis of a novel phosphorothioate DNA
containing a spermine-tethering deoxyuridine derivative in
the place of thymidine. Spermine is a biogenic polyamine,30)

and is present at millimolar total concentration in the nuclei
of eukaryotic cells where it stabilizes the double-stranded
structure of DNA against denaturation.30—33) Several proper-
ties of the spermine-conjugated S-ODNs, such as thermody-
namic properties and susceptibility to the substrate for the
RNase H-mediated RNA cleavage are also reported.

Results and Discussion
Oligodeoxynucleotides containing a C-5 spermine-tether-

ing deoxyuridine derivative were synthesized on a DNA syn-
thesizer with the modified procedure previously reported.35)

The introduction of the spermine moiety was performed by
the post-synthetic modification method by the treatment of
the support-bound oligonucleotides with excess amounts of
spermine. Two types of modified S-ODNs (ODN-1, 2) were
prepared by the automated DNA synthesizer (Fig. 1). The av-
erage coupling yield of 5-(methoxycarbonylmethyl)-2�-de-
oxyuridine phosphoramidite derivative was 98% using elon-
gated coupling time of 360 s. Tetraethylthiuramdisulfide
(TETD) was used as a sulfurization reagent and the sulfur-
ization time was 900 s. The fully protected S-ODNs linked to
the solid support were treated with 2.5 M spermine/EtOH at
55 °C for 48 h in order to introduce the spermine moiety into
the C-5 position of the deoxyuridine residue and release from
the CPG support, as well as deprotection of the base and
phosphate protecting groups. The phosphoramidite derivative
of the N-acetylated 2�-deoxycytidine derivative was used in-
stead of the standard N-benzoyl derivative to prevent the pos-
sible transamination at the C-4 position of the cytosine base
during the treatment.35) Consequently, no C-4-sperminated
deoxycytidine derivative was observed in the experiments.
Additionally, the complete removal of the isobutyryl group
of the guanine moiety was confirmed in an independent ex-
periment by the treatment of N-2-isobutyryl-2�-deoxyguano-
sine under the same conditions. The HPLC analysis showed
that the deprotected product gave a single peak and gave the
same retention time on 2�-deoxyguanosine. It should be
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Fig. 1. Sequences of S-ODNs Synthesized

U�5-(sperminocarbonylmethyl)-2�-deoxyuridine.



noted that although the spermine treatment of the support-
bound S-ODNs was effective for the release and deprotection
of the oligomers, the released oligomers were quite insoluble
into the spermine/EtOH solution. Therefore, the treatment of
the residue with an appropriate buffer to recover the
oligomers was required (see Experimental). The S-ODNs
having a 5�-DMTr group were purified by reversed-phase
HPLC after removal of the excess amounts of spermine by
gel filtration. The isolated compound was treated with 20%
acetic acid by the usual procedure to remove the DMTr
group followed by desalting to give the desirable oligomers
with satisfactory yields. The structure of the purified S-
ODNs was analyzed by the ESI-mass spectroscopy, since the
synthesized S-ODNs were not able to be analyzed by the nu-
cleoside composition analysis because of the nuclease resist-
ance of S-ODN. The observed ion peaks were identified with
the predicted values by calculation (Table 1). Furthermore,
we tried to synthesize the S-ODN bearing three spermine-
tethered deoxyuridine derivative, however, the unexpected
aggregation of S-ODN occurred after the introduction of the
spermine moiety and no further purification carried out.

Stable duplex formation of the antisense agent with the
target mRNA is considered as a major important factor in an-
tisense therapy. Thus, we examined the thermal stability of
the duplexes on phosphorothioate DNA and the complemen-
tary oligodeoxynucleotide. For the application to the anti-
sense therapy, the duplex forming properties of polyamine-
modified phosphorothioate DNA must be investigated by
using RNA as a complementary strand, however, it seems
that the several properties of the modified duplex were al-
most equal to that of complementary DNA instead of RNA.
The UV melting profiles of all duplexes exhibited helix-to-
coil transitions whose shapes were similar to that of the un-
modified duplex. The Tm values were determined from the
maximum values of the first deviation of the UV melting
profiles and are shown in Table 2.

The Tm values increased with the duplex concentration,
and the relationship between the Tm values and the duplex
concentration is given by the van’t Hoff equation which may
be expressed in logarithmic form.36) The Tm values of the du-
plexes containing C-5 substituted deoxyuridine derivatives
were higher than that of the unmodified duplex at lower con-
centration (�0.3 mM); to the contrary, at higher concentra-

tions (�0.6 mM), the unmodified heteroduplex was more sta-
ble than the modified one. The introduction of the spermine
moiety at the C-5 position of the deoxyuridine derivative was
found to stabilize the S-ODN/DNA heteroduplex under the
physiological conditions, i.e. nanomolar concentrations. It
seems that the stabilizing effects are due to the neutralization
of polyanionic charges on the internucleotide phosphate
groups, which is a disadvantageous factors for the formation
of double-stranded oligonucleotides, by the introduction of
the polycation of the polyamine moiety. The reason for the
inversion phenomenon of the Tm values between modified
duplexes and unmodified ones is impossible to elucidate only
by comparison of the Tm values among the different duplex
concentrations.

The magnitude of the stabilization effects was greater than
in the case in which the introduction of spermine was carried
out at the C-4 position of a deoxycytidine derivative,10) but
was lower than at the C-2 position of the deoxyinosine deriv-
ative.6) This could be attributed to the fact that spermine in-
troduced at the C-2 position of the purine base exists in the
minor groove of double helical DNA and forms additional
hydrogen bonds between the protonated amine groups and N3

of purine bases or O-2 of pyrimidine bases, in addition to the
possible neutralization of negative charges on the back-
bone.40) On the other hand, the spermine moiety attached at
the C-5 position of the deoxyuridine derivative exists in the
major groove of the heteroduplex, and, therefore, additional
stabilization effects, such as hydrogen bonding described
above, may not exist. No marked influence of the existence
of the spermine moiety on the overall structure of the het-
eroduplexes was observed by the CD measurement (data not
shown). The result indicates that no structural perturbation
was induced by the existence of the polyamine molecule.
This is contrary to the fact that the externally added spermine
alters the DNA duplex conformation from B-type to A-
type37); the spermine introduced to the C-5 position of the
deoxyuridine does not exhibit such effect.

Next, in order to investigate the role of the spermine moi-
ety on the duplex stability, we determined the thermody-
namic parameters for the formation of three types of het-
eroduplexes. The thermodynamic parameters (DH°, DS°, and
DG°) of the duplexes were determined by calculations based
on the slope of a 1/Tm versus ln(CT/4) plot, where CT is the
total concentration of single strands (Fig. 2). All plots
showed to be linear over the entire 100-fold range in concen-
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Table 1. Isolated Yields and ESI-Mass Spectra of S-ODNs

Isolated yield (%) Observed Calculated

S-ODN-1 37.6 4964.08 4964.21
S-ODN-2 31.1 5192.33 5192.14

Table 2. Tm Values for the Duplexes of S-ODNs/cDNA

Concentration S-ODN-N (°C) S-ODN-1 (°C) S-ODN-2 (°C)

10 mM 61.3 58.3 56.2
5 mM 59.3 57.5 56.0

2.5 mM 57.5 56.3 54.2
1.3 mM 56.1 55.4 53.5

0.63 mM 54.9 54.1 52.9
0.31 mM 52.6 53.2 52.3
0.16 mM 51.4 52.6 51.6

Fig. 2. The van’t Hoff Plots of S-ODNs/cDNA Duplexes

Square plot and solid line show S-ODN-N/cDNA duplex. Triangle plot and broken
line show S-ODN-1/cDNA duplex. Circle plot and dotted line show S-ODN-2/cDNA
duplex.



trations, and interestingly, all lines showed intersect between
the observed ranges, since no such intersection is observed
generally within the usual oligonucleotide concentrations.
This observation seems to be characteristic for effect by the
introduction of spermine moiety into S-ODNs.

DG° values were gradually decreased with the increase in
the number of the spermine moieties as those are shown in
Table 3. Thus, the spermine moiety indeed acts as the stabi-
lizer of the double helixes, and the stabilization effects are
enhanced additively according to the number of spermine
moieties. DH° values behaved similarly to that of DG°, indi-
cating the spermine moiety stabilizes the duplex mainly
through neutralization of the phosphate anions by the proto-
nated polyamine species. And the favorable effects in terms
of DH° values of the spermine are consistent with the in-
creasing number of the cations of protonated spermine moi-
eties. In contrast, the spermine moiety destabilizes the du-
plex in terms of entropy, since DS° decreased with the in-
crease of the number of spermine moieties. This could be at-
tributed to the fact that the introduction of the spermine poly-
cations causes DNA to assume a rigid coiled structure be-
cause of the electrostatic interaction between polyamines and
phosphates leading to the constrained duplex structure.

One disadvantage of the antisense therapy using phospho-
rothioate oligonucleotides is the low accuracy in recognition
of the target RNA sequence. Accuracy in the recognition of
the target RNA sequences is one of the most necessary prop-
erties required of the antisense agents. In general, the most
indistinguishable mismatch base pair is the G–T base pair,
which enables the formation of a relatively stable Wobble-
type base pair. Accurate G–T mismatch base pair recognition
could contribute to preventing the non-target specific inhibi-
tion of the gene expression. We have reported previously a
case of the phosphorothioate oligodeoxynucleotides contain-
ing a C-5 trisamine modified deoxyuridine derivative.28)

We compared the difference in the Tm values between fully
matched DNA/S-ODN duplexes and the duplexes containing
the single G–T mismatch sequence (M1-DNA and M2-DNA)
(Table 4). It should be noted that the mismatched guanine
base was placed at the opposite position of the deoxyuridine
derivative attaching the spermine moiety at the C-5 position.
As is clear from Table 4, all duplexes showed the apparent
mismatch penalty by the introduction of the G–T(U) base
pairs compared to the canonical A–T(U) base pairs. How-
ever, no apparent enhancement of the mismatch penalty was
observed by the introduction of the spermine moiety under
these conditions.

Comparison of the thermodynamic parameters between
the unmodified duplexes and the spermine-modified duplexes
(Table 5), however, gave very interesting results. In the case
of the unmodified DNA/S-ODN duplexes, little destabiliza-
tion was observed on both DH° and DS° by the introduction

of the G–T mismatch base pair at the central position of the
DNA/S-ODN duplex. (entry 1 and 2) However, a much more
drastic destabilization in terms of DH° was observed by the
introduction of the G–U mismatch base pair for the sper-
mine-modified duplexes (entry 3 and 4). In the case of entry
4, DH° was reduced to almost half as compared to that of the
fully matched duplex (entry 3). Although DS° showed the
completely opposite behavior, overall effects of both DH°
and DS° become unfavorable (increase in DG°) for the du-
plex stability. Thus, the introduction of the spermine bearing
the deoxyuridine derivative to S-ODN is effective for the dis-
crimination of the mismatched DNA/S-ODN heteroduplexes.
It should be noted that we could not observe any drastic
change in the CD spectra of the heteroduplexes (data not
shown). Therefore, we can not present a conclusive specific
behavior of the thermodynamic parameters at this moment.

It has been postulated that the activity of antisense ODNs
is due, at least in part, to the cleavage of the target RNA
strand of a DNA–RNA duplex by RNase H.38) Therefore, we
next examined the susceptibility of the duplexes of the S-
ODNs and their complementary RNA strands by the method
according to the procedure reported by Stein et al. as shown
in Fig. 3.39) The gradual increase of the observed absorption
in Fig. 3 indicates the proceeding of the cleavage of the com-
plementary RNA strand by the RNase H activity.

RNase H activity of duplexes of S-ODNs with comple-
mentary RNA 15 mer is almost similar among all duplexes.
No negative effects were observed by the introduction of the
spermine moiety attached to the C-5 position of a deoxyuri-
dine derivative. It is predicted that the positively charged
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Table 3. Thermodynamic Parameters for the Duplexes of S-ODNs/cDNA

ODNs
DH° DDH° DS° DDS° DG°298 DDG°298

(kcal/mol) (kcal/mol) (cal/mol ·K) (cal/mol ·K) (kcal/mol) (kcal/mol)

S-ODN-N ｠�92.0 �249.5 �17.6
S-ODN-1 �148.2 �56.2 �421.3 �172.2 �22.5 �4.9
S-ODN-2 �183.4 �91.4 �531.3 �281.8 �25.0 �7.4

Table 4. Tm Values of the Mismatched Duplexes of S-ODNs/cDNAa)

cDNA
M1-DNAb) (DTm) M2-DNAc) (DTm)

(°C) (°C)

S-ODN-N 57.5 53.1 (�4.4) 52.2 (�5.3)
S-ODN-1 56.3 52.6 (�3.7) —
S-ODN-2 54.2 — 47.3 (�6.9)

a) Each oligonucleotide concentration is 2.5 mM. 2.5 mM each oligonucleotides,
10 mM sodium phosphate buffer. b) M1-DNA�d(CGG AGA CGG CGA CGA). c)
M2-DNA�d(CGG AGA CAG CGG CGA).

Table 5. Thermodynamic Parameters for the Mismatched Duplexes of S-
ODNs/cDNA

Entry Duplexes
DH° DS° DG°298

(kcal/mol) (cal/mol ·K) (kcal/mol)

1 S-ODN-N/cDNA �92.0 �249.5 �17.6
2 S-ODN-N/M1-DNAa) �90.5 �249.0 �16.3
3 S-ODN-1/cDNA �148.2 �421.3 �22.5
4 S-ODN-1/M1-DNAa) �79.3 �215.2 �15.1

a) M1-DNA�d(CGGAGACGGCGACGA).



polyamine moiety may affect the binding of the heteroduplex
with RNase H, because of the electrostatic repulsion of the
positive charge with the basic region of the nucleic acid bind-
ing site of the enzyme.40) However, no distinct difference in
the susceptibility to RNase H was observed between the un-
modified S-ODN and the modified S-ODNs bearing the sper-
mine moieties. This could be attributed to the fact that the
minor groove of the DNA/RNA duplex is a major determi-
nant of the binding of the RNase H.41,42) In Addition, no in-
formation about the cleavage site of RNA strand by RNase H
was given in these experiments.

Experimental
General Procedures HPLC analysis was carried out using a Wakosil

5C18 column (Wako Pure Chemicals, 4�250 mm) on a JASCO880-SC sys-
tem controller with a JASCO 880-PU pump unit and JASCO 875-UV UV
detector. Oligonucleotide synthesis was carried out using a Applied Biosys-
tems DNA synthesizer 392A. ESI-TOF mass spectra were obtained on a
Perkin Elmer Sciex API-100.

Synthesis of S-ODNs S-ODNs were synthesized on a DNA/RNA syn-
thesizer by the modified phosphoramidite method. The coupling time of the
5-methoxycarbonylmethyl-2�-deoxyuridine phosphoramidite was extended
to 360 s. Tetraethylthiuramdisulfide (TETD) was used as a sulfurization
reagent, and the reaction time with TETD treatment was 900 s. The intro-
duction of spermine, the deprotection and the cleavage from CPG support
were carried out by the treatment with 2.5 M spermine/EtOH at 55 °C for
48 h. After removal of the excess amounts of spermine by gel filtration on a
Sephadex G-25 column, the S-ODNs having the 5�-DMTr group were puri-
fied by reversed-phase HPLC on a column using 50 mM TEAA (pH 7.0) with
a gradient of 15—40% acetonitrile in 25 min. The isolated compound was
treated with 20% acetic acid by the usual procedure to remove the DMTr

group followed by desalting on a Sephadex G-25 column. The eluents were
collected and lyophilized to give the pure S-ODNs. The determination of
their structure was performed by the observation with ESI-TOF mass spec-
tra.

Tm Measurements UV absorbance was measured with a Hitachi UV-
3000 spectrophotometer equipped with a Hitachi Temperature Controller
SPR-10. The solution temperature in a cuvette was measured directly with a
temperature data controller AM-7002 (Anritsu Meter Co., Ltd.). Absorbance
and temperature data were recorded on NEC personal computer PC-9821.
The rate of heating or cooling was 0.5 °C/min. Tm values were obtained in
10 mM sodium phosphate buffer (pH 7.2) containing 100 mM NaCl and 1 mM

EDTA.
Thermodynamic Parameters The thermodynamic parameters of all

duplexes were determined by plotting the reciprocal of the melting tempera-
ture, Tm

�1, versus log(Ct/4), where Ct is the total concentration of strands.43)

Tm
�1�(2.303R/DH)/log(Ct/4)�DS/DH

DG°�DH°�TDS°

RNase H Hydrolysis RNase H, RNase inhibitor and RNA were ob-
tained from BRL, Wako Chemicals Co., and GENSET Co., respectively.
RNA and S-ODN were pre-incubated at room temperature for 12 h in a
buffer containing 20 mM Tris–HCl (pH 7.5), 100 mM KCl, 10 mM MgCl2,
50 mM NaCl, and 5% sucrose, after heating at 90 °C for 5 min. To this mix-
ture were further added RNase H (10 units), 2 mM DTT, and RNase inhibitor
(200 units). The absorption at 260 nm was continuously monitored at 25 °C
for 1000 min.
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duplex. Circle plot shows S-ODN-2/cRNA duplex.
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