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ABSTRACT
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8-Thio-2'-deoxyguanosine (SdG) is a useful analogue of the abundant promutagen 8-oxo-2
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'-deoxyguanosine (OdG). Its synthesis and DNA

incorporation using standard phosphoramidite chemistry is reported. To prevent oxidation during DNA synthesis, the sulfur was protected as
a 2-(trimethylsilyl)ethyl sulfide. Subsequent treatment with TBAF yielded the desired 8-thiocarbonyl functionality. Melting studies with SdG
revealed almost equal stabilities of SdG:dC and SdG:dA base pairs, lending insight into the base-pairing preferences of OdG.

8-0Ox0-2-deoxyguanosine (OdG) is an abundant DNA lesion
produced by the reaction of-Beoxyguanosine (dG) with
radical oxygen speciédOdG leads to dG to T transversiohs,
and its presence has been linked to agjamy diseases such
as cancef.OdG differs from dG at only the N7 and C8

positions (Scheme 1); thus, these positions must be key in
determining the deleterious effects of OdG. For example,

conformation about the glycosidic bond and uses the N7-
hydrogen and C6-oxygen of the Hoogsteen edge to contact
dA.” When base pairing to dC, however, OdG is in &mgi
base conformation and normal Watsa@rick pairing is
utilized.

Interestingly, melting studies have shown that despite
having one less hydrogen bond, Odét):dA base pairs are

both these positions are thought to play a critical role in the only slightly less stable than Od&tti):dC base pairs. This

promutagenicity of OdG. When synthesizing DNA, poly-
merases incorporate only-@eoxycytidine (dC) opposite dG
but can incorporate either dC ot-@oxyadenosine (dA)
opposite OdG.This is because while dG only forms base

similarity is thought to be in part due to the C8-oxygen
which, because of its steric bulk, causes OdG to prefer the
synconformatiorf thereby destabilizing Od@gti):dC base
pairs.

pairs to dC, OdG forms stable base pairs to both dC and dA Due to both its promutagenicity and abundance, cells have

(Scheme 2§.When base pairing to dA, OdG adoptsyn
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evolved specific repair enzymes that recognize and remove
OdG from DNA. Since dG is not a substrate for these
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Scheme 1. Structures dG, OdG, and SdG
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mode of detectiofithough other biochemical studies suggest

the C8-oxygen may play some rdfeTo address these

In a similar fashion, the study of an analogue of OdG
where the 8-oxo moiety has been replaced with sulfur may

discrepancies and gain more insight into the exact role of be a useful tool with which to better understand the specific
the C8-oxygen in OdG mutagenicity and repair, we set about properties and interactions of the C8-oxygen that dictate the
creating an analogue of OdG that would differ from it at activity of OdG in cells. For example, if steric bulk off of

only the C8 position.

Scheme 2. Base Pairing of OdG

OdG(syn):dA

C8is important in the similar stabilities of Od§/f):dA and
OdG(anti):dC base pairs, then 8-thiG&oxyguanosine
(SdG; Scheme 1), which has greater bulk off C8, should form
base pairs to dC and dA with even more similar stabilities.
Additionally, since SdG differs from OdG at only the C8-
position, biochemical studies with the aforementioned repair
enzymes should lend insight into necessity of the 8-oxo
moiety.

The main concern when incorporating any sulfur-contain-
ing analogue into DNA is to prevent oxidation of the sulfur
during the iodine oxidation or ammonium hydroxide depro-
tection steps of DNA synthesis. To prevent this, previous
syntheses of DNA containing sulfur analogues have usually
involved protection of the sulfur as a sulfide. For example,
6-thio-2-deoxyguanosine, 4-thio-2leoxyuridine, 4-thio-2
deoxythymidine, 4-thiouridine, and 6-thioinosine are all
protected ag-cyanoethyl sulfides during DNA synthesfs.
Though such a protection scheme may well work for SdG,
this route would require the starting material 2-cyano-
ethanethiol which is highly toxic and not commercially
available. For synthetic ease, we chose to protect the sulfur

To this end, replacement of oxygen with sulfur has been Moiety as a 2-(trimethylsilyl)ethyl sulfide and use tetra-
used extensively to probe the role of oxygen in biomolecular butylammonium fluoride (TBAF) treatment as a means of
recognition and catalysis. This is because though sulfur hassulfur deprotection.

similar bonding properties to oxygen, it differs significantly
in its affinity toward metald! ability to hydrogen bond?

and its atomic radius and bond length. For example, metal

Though there is no published synthesis to 8-(2-(tri-
methylsilyl)ethyl)thio-2-deoxyguanosine (TMSE-SdG), 8-(2-

replacement studies with 3'-thio-3'-deoxyuridine have sug- || N NN NG

gested a direct metal interaction to the active sitex3/gen
during the cleavage reaction of thetrahymenaibozyme??
while stability studies of G-tetrads using 6-thibdoxy-

guanosine have demonstrated the importance of a 6-oxo

moiety to tetrad formatiot
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Scheme 3. Synthesis of SdG
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Scheme 4. Synthesis of the Fully Protected Phosphoramidite Derivative of SdG
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(trimethylsilyl)ethyl)thio-2'-deoxyadenosine has been re-
ported previously® In a reaction analogous to the adenosine
derivative, TMSE-SdG2) was synthesized through treatment
of 8-bromo-2-deoxyguanosirté (1) with commercially
available 2-(trimethylsilyl)ethanethiol (Scheme 3). To con-
firm that no decomposition of the sulfur would occur during
solid-phase DNA synthesis, compourddwas incubated
separately fol h atroom temperature in the DNA synthesis
oxidizing reagent (0.02 M) or 20 h in aqueous ammonia
at 55 °C. After both incubations no decomposition was
observed, indicating that the trimethylsilylethyl (TMSE)

The synthesis to the phosphoramidite derivativ@ ofas
continued by protecting the exocyclic amine as an isobutyryl
(iBu) amide (Scheme 4) using the well-known transient
protection procedur®¥ The 5'-hydroxyl was then protected
as a dimethoxytrityl (DMTT) ether to produée Finally, the
3'-hydroxyl was activated as a phosphoramidite to create the
DNA synthesis ready 8-thio=2leoxyguanosine derivative
6.

Amidite 6 was then utilized in DNA synthesis using a
DNA synthesizer and standard procedures. Coupling yields
were over 95% according to HPLC or gel purification run

protection scheme is suitable for solid-phase phosphoramiditeafter ammonium hydroxide deprotection. Three different
chemistry. Further, to prove TBAF treatment would be an oligonucleotides (2, 7, and 25 nucleotides long; Scheme 5)
appropriate means for sulfur deprotection, we treated nucleo-were synthesized; their sequences wereS5GT-3' (7a),

side 2 with 1.0 M TBAF in tetrahydrofuran (THF) for 30

5-dACTSSGTCA-3 (7b), and 5dCATCGATACGA-

min. After HPLC purification, pure SdG (3; Scheme 3) was TCTSISGCCTCTCTCTC-3(7c), respectively, wheréSG is

obtained.

the TMSE-protected SdG derivative. The oligonucleotides

Scheme 5. DNA Incorporation and Sulfur Deprotection of SdG
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were then purified by preparative HPLZa) or gel purifica- || N
tion and preparative HPL(7b,c) before treatment with 1.0 1 pe 1. Melting Temperatures (J of DNA Duplexes {C):
M TBAF in THF for 30 min to reveal the free sulfur and & CCATCXCTACC.S

produce oligonucleotideBa—c. 3. GGTAGYGATGG-5

To further prove the 8-sulfur moiety was not compromised
during oligonucleotide synthesis, deprotection, or purifica- Y =dC Y =dA
tion, oligonucleotide8b was digested to its individual X = dG 57.6 + 0.5 43.0 + 0.2
nucleotides and analyzed by analytical HPE@s seen in X =0dG 52.6 + 0.5 480+ 0.4
Figure 1A, only four peaks (corresponding to dC, T, dA, X = SdG 46.5+0.3 47.7+0.3

aConditions: 1 M NaCl, 0.1 mM EDTA, and 100 mM sodium phosphate

_ pH 7.0. Averagel,, + standard deviations were calculated from three or
more melts.

da dC and dG:dA base paird differences of 4.6 and 14.6
°C, respectively). Interestingly, we found SdG:dC and SdG:
5dG dA base pairs to be of almost equal stabilify, difference
k of 1.2 °C). When compared to OdG, the similar stabilities
of the SAG base pairs appear to arise from additional
destabilization of SdG:dC since SdG:dA and OdG:dA base
B) 3 pairs are of equal stability, while SdG:dC base pairs are much
jL less stable than OdG:dC base palirs difference of 6.7°C).

B g o

Absorbance

Considering sulfur has a larger atomic radius and longer
bonding distance than oxygen, this finding is in agreement
. é 110 115 210 s with the theory that additional steric bulk off of dG-C8
Minutes destabilizes thanti base conformatiofthereby destabilizing
base pairs to dC (Scheme 2). Other possible explanations
involving distortion of the purine base are not likely as crystal
structure studies with other sulfur-containing purines have
confirmed that the a thio substitution causes no significant
and SdG) were observed. To further characterize the sup-structure chang®. The finding that SdG:dA and OdG:dA
posed SAG peak, we compared digesibdo an authentic ~ base pairs are of equal stability is also of interest since it
sample of compound (Figure 1B). The supposed SdG peak suggests that added steric bulk off of C8 does not play a
and3 had identical retention times (16.0 min) and coeluted significant role in the stabilities of these base pairs.
under the same reaction and chromatography conditions. In summary, we have developed a rapid and efficient
Furthermore, the supposed SdG peak is not dG or OdG whichsynthesis to oligonucleotides containing SdG using the
have retention times of 6.2 and 7.1 min, respectively, when phosphoramidite method. Ready access to such products will
treated under the same reaction and chromatography condi€nable experiments that should lend further insight into the
tions. It should be noted that longer TBAF deprotection €xact role of the C8-oxygen in the bioactivity of OdG. We
treatments (4 h) did result in some decomposition of SdG to are currently testing SdG with different repair enzymes to
form dG (as characterized by HPLC and mass spectrometry),determine whether the 8-oxo moiety is required for OdG
presumably by oxidative desulfurization. recognition.
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Figure 1. Analytical HPLC analysis of (A) nuclease-digesi&il
and (B) mock nuclease-digestddan authentic standard of SdG).
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