ZUSCHRIFTEN

Synthesis of Thymine Glycol Containing
Oligonucleotides from a Building Block with
the Oxidized Base**

Shigenori Iwai*

Thymine glycol (5,6-dihydro-5,6-dihydroxythymine) is a
major form of DNA base damage generated by oxidation with
a hydroxyl radicall'l or by ionizing radiation.”” The cis-5R,6S
form (shown as part of an oligonu-
cleotide in 1) is produced preferen-
tially by the oxidation of thymidine or
oligonucleotides,?! while it was re-
ported that y irradiation of DNA
resulted in the formation of the two
cis isomers (SR,6S and 5S,6R) in equal
amounts.[! The cis forms are in equi-
librium with the trans isomers in
solution.’! Although mutation fre-
quency is low,®! this damage can block
DNA replication.”! Thymine glycol is excised by enzymes
such as endonuclease II1I®¥! and endonuclease VIII®! in cells,
and in vitro experiments showed that this damage is also
repaired by the human nucleotide excision repair system.["]

In spite of the biological significance of thymine glycol,
chemical synthesis of oligonucleotides containing this damage
has not been reported hitherto. Such oligonucleotides have
been prepared by the oxidation of short oligomers, which
contain thymine at a single site, with KMnO, or OsO,. However,
oxidation with KMnO, gives various products, which make
identification and isolation of the desired product extremely
difficult.B> %111 When OsQ, is used as an oxidizing agent,
thymine glycol is produced almost exclusively, but its yield is
very low.®> 2] Furthermore, the chain length and sequence are
limited in these postsynthetic oxidation methods.

In this study, I tried to develop a method for the direct
incorporation of a thymine glycol building block into oligo-
nucleotides. The problem was that this oxidized base is labile
under the alkaline conditions normally used for the depro-
tection of the other nucleobases after coupling.’! This
problem might be solved, to some extent, by the use of a (4-
tert-butylphenoxy)acetyl (tBPA) protecting group on the
nucleobases; this group can be removed by a short ammonia
treatment at room temperature.'®l It was also expected that
protection of the hydroxyl functions of thymine glycol might
improve the stability of this base moiety.

The design and the synthesis of the building block are
shown in Scheme 1. The tert-butyldimethylsilyl (TBDMS)
group, which is commonly used for RNA synthesis,['*) was
chosen for the protection of the hydroxyl functions at the C5
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Scheme 1. Synthesis of the thymine glycol building block 6.

and C6 positions, because the groups at these positions should
be removed at the final step, after the deprotection with
ammonium hydroxide.

First, thymidine protected with the 4,4’-dimethoxytriphe-
nylmethyl (DMT) and benzoyl groups at the 5 and 3’
positions, respectively, was oxidized with OsO,.[""] Barvian
and Greenberg stated that they used a catalytic amount of
0sO, to prepare thymidine glycol,l' but an equimolar
amount was required in my case. Two products were obtained,
and 'H NMR analysis revealed that they were the two isomers
of cis-thymine glycol. The ratio of the major and minor
products was 6:1, as determined by 'H NMR spectroscopy.
The configuration of each isomer was assigned by comparison
of the NOESY spectra of the products. For both isomers, a
crosspeak was found between H6 and the methyl proton, but
no NOE effect was detected between H6 and H1'. These
observations indicated that the two hydroxyl groups were in
the cis orientation and that the base moiety was in the anti
conformation around the glycosyl bond. For the minor isomer,
a strong NOE was detected between H6 and H2’, whereas the
corresponding crosspeak was too weak to be discriminated
from the noise for the major product. As suggested by
Vaishnav et al.,’? it can be concluded from this difference
that the configuration of the thymine glycol used in this study
was 5R,6S.
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The next step was the protection of the hydroxyl functions
at C5 and C6. Although the C5 hydroxyl is tertiary, it was
silylated without difficulty. Detection of the imino proton in
the NMR analysis demonstrated that the second silylation did
not occur at the oxygen atom at the C2 or C4 positions. The
benzoyl group of 4 was removed with potassium carbonate in
methanol,'l and the 3'-hydroxyl function of 5§ was phosphity-
lated with (2-cyanoethyl)-N,N-diisopropylchlorophosphora-
midite.['®!

Using the building block 6 and the tBPA-protected
phosphoramidites of the other nucleosides, a 6-mer,
d(GCTgAGC), a 13-mer, d(ACGCGATgACGCCA),
and a 30-mer, d(CTCGTCAGCATCTTgCATCATACAGT-
CAGTG), were synthesized on a solid support (Tg represents
thymine glycol). Since the coupling yield of 6 was low (74—
78 % ) when the standard cycle was used, the reaction time was
prolonged to 5 min when coupling 6, to obtain a nearly 100 %
yield. After the chain assembly, the oligonucleotides were
cleaved from the support, simultaneously deprotected with
28 % aqueous ammonium hydroxide at room temperature for
2 h, and then treated with
1.0M tetrabutylammonium
fluoride in tetrahydrofuran
for 16 h to remove the
TBDMS group. Following
the method described pre-
viously,®®  d(GCTgAGC)
was prepared by oxidation
of d(GCTAGC) with OsO,
and was used as the au-

thentic 6-mer for compar-
T M ison. The authentic 13-mer
was also prepared in the

c) same way.

Figure 1 shows the re-
sults of the HPLC analysis
of the 6-mer. As shown in
trace (b), a large peak was
detected at the same re-
d tention time as that of the
0s0,-oxidized product in
trace (a). The product giv-
ing the main peak was

purified by HPLC, and its
" y ; y identity with the authentic
0 5 10 15 20
6-mer was demonstrated
t /min —> b S
y coinjection, as shown

Figure 1. HPLC analysis of the
6-mer with an acetonitrile gradient by trace (C) Treatment of

a)  dGCTAGC) —»

d(GCTgAGC)

b)

of 2.5-10% during 20 min. Elution
profiles monitored at 254 nm are
shown. a) A mixture after the OsO,
oxidation of d(GCTAGC). b) A cru-
de mixture after deprotection of
d(GCTgAGC) synthesized using the
building block 6. c) The 6-mer puri-
fied from the mixture shown in (b).
The inset is the trace obtained from
coinjection with the authentic 6-mer.
d) Treatment of the purified 6-mer
with ammonium hydroxide at room
temperature for 2 h.
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the purified 6-mer with
ammonium hydroxide at
room temperature for 2 h
resulted in degradation of
approximately 18 % of this
oligonucleotide (trace (d)).
Since the peaks corre-
sponding to the degraded
products were not found in
the crude mixture, it is
concluded that the protec-
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tion of the hydroxyl groups of thymine glycol increased the
stability of this oxidized base under alkaline conditions.
However, after cleavage from the support, treatment with
ammonia at 55 °C for 12 h resulted in complete degradation of
the thymine glycol containing oligonucleotide, even if ethanol
was added to prevent the removal of the TBDMS group (data
not shown)."l The HPLC elution profiles of the crude 13- and
30-mers are shown in Figure 2, and the identity of the 13-mer
with the authentic one was demonstrated by coinjection.

a)

AR AP

0 5 10 15 20
t /min —»
Figure 2. HPLC analysis of the 13-mer (a) and the 30-mer (b). The inset is
the trace obtained from a coinjection of the purified 13-mer with the
authentic one. The acetonitrile gradients were 5—13 % and 5—15% for the
13- and 30-mers, respectively.

After purification with HPLC, the oligonucleotides were
analyzed by matrix-assisted laser desorption/ionization time
of flight (MALDI-TOF) mass spectrometry. Although char-
acterization of the 30-mer was not successful because of broad
peaks, the difference between the undamaged and thymine
glycol containing oligonucleotides was equal to the mass of
two hydroxyl groups, as shown in Figure 3.

As described above, a method for the synthesis of
oligonucleotides containing thymine glycol at any site within
defined sequences has been developed. In my previous
studies, oligonucleotides containing the [6—4] photoproduct,
which is one of the major forms of DNA damage caused by
ultraviolet light, were synthesized,?” and these oligonucleo-
tides,?! as well as those containing other DNA lesions,??l have
been used in various studies. Similarly, thymine glycol
containing oligonucleotides synthesized by this method will
contribute significantly to studies of the molecular biology of
DNA repair.
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Figure 3. MALDI-TOF MS analysis of: a) d(GCTAGC); b) d(GCTgAG
C); ¢) d(ACGCGATACGCCA); and d) d(ACGCGATgACGCCA).
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A Concise Stereoselective Route to the
Pentacyclic Frameworks of Arisugacin A and
Territrem B**

Luke R. Zehnder, Richard P. Hsung,* Jiashi Wang, and
Geoffrey M. Golding

Arisugacin A (1a, Scheme 1) was first isolated from Pen-
icillium sp. Fo-4259 as a potent and selective inhibitor of
acetylcholinesterase (AChE) with an ICs, value of 1 nm.ll
Because of the potential therapeutic value of 1a in the
treatment of Alzheimer’s disease,? and the structural sim-
ilarity of 1a to important natural products such as territrems
(for example, territrem B (2))P and pyripyropenes,™ we have
been exploring a number of different synthetic routes that
may be suitable for an efficient and stereoselective synthesis
of arisugacins or territrems.[> ¢ Our recent work involving a
formal [3+43] cycloaddition reaction using «,(-unsaturated
iminiums and diketo systems! allowed us to envision a
highly concise entry to these natural products. We report here
our success in using a stereoselective variant of this formal
cycloaddition reaction to construct the pentacyclic frame-
works of arisugacin A (1a) and territrem B (2).

An advanced pentacyclic intermediate such as 3 that is
suitable for the syntheses of arisugacins and territrems can be
obtained readily by a stereoselective formal [3+43] cyclo-
addition reaction using the 4-hydroxy-2-pyrone 41 and a.j3-
unsaturated iminium 5 (Scheme 1). The critical stereoinduc-
tion to be achieved in this key reaction is the stereochemistry
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