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The base pairs are the contributors to the sequence-dependent
recognition of nucleic acids, genetic information storage, and high
fidelity of DNA polymerase replication and RNA polymerase
transcription. The base hydrogen bonding and stacking also
contribute to the folding and structure of DNA and RNA.1 To
increase RNA structure and function diversities, wobble base pairs
(such as U/G) are involved in RNAs, including ribozymes and viral
and rRNAs.2 However, the wobble base pairing, where T (or U)
pairs with G instead of A, reduces specific base-pairing recognition3

and compromises the high fidelity of the enzymatic polymerization,
especially when G or T on the template is modified.4,5 The wobble
base pairing can increase misrecognition and misincorporation
during nucleic acid polymerization.5,6

Since the T/G wobble pairing (or U/G) is caused by the shift of
hydrogen bonding via the 2-exo-oxygen participation within the
base pairs (Figure 1) and the 2-exo-oxygen atom is not involved
in T/A (or U/A) base pairing, the 2-position is critical for the
discrimination between T/A and T/G pairs (or U/A vs U/G). Thus,
we hypothesized the discrimination of the wobble base pairs by
manipulating the steric and electronic effects at the 2-exo position.
In addition to a poor hydrogen-bonding ability, selenium (atomic
radius, 1.16 Å) has a much larger radius than oxygen (0.73 Å) and
sulfur (1.02 Å) in the same elemental family. Thus, introduction
of a selenium atom at position 2 can largely increase the electronic
and steric effects, resulting in strong base-pairing discrimination,
presumably better than the incorporation of a sulfur atom.7 This
atom-specific selenium substitution of the 2-oxygen of thymidine
provides a unique chemical strategy to enhance the base pairing
specificity. Furthermore, because of the noninvolvement of the
2-exo-oxygen in T/A pairing, its atomic replacement with selenium
would most likely allow the normal T/A pairing while discouraging
T/G wobble pairing. Herein we report the first synthesis of the novel
2-Se-thymidine (SeT) derivative, its phosphoramidite, and the Se-
DNAs. Moreover, our biophysical and structural studies of the
2-Se-T DNAs reveal that the bulky selenium atom at the 2-position
can largely increase the mismatch discrimination (including the
wobble pairing discrimination) while maintaining the SeT/A virtually
the same as the native T/A base pair, without significant perturba-
tion. This atom-specific substitution and probing provide a novel
tool to investigate the specific recognition of base pairs, which is
the basis for high fidelity during replication, transcription, and
translation.

Though the selenium functionality was introduced into the
2-position of uridine over three decades ago,8 selenium has not
been incorporated into the 2-position of thymidine and DNA due
to synthetic challenges. Following our successful selenium incor-
poration at the pyrimidine 4-positions via the C-4 activation and
displacement,9 our successful synthesis started from the 5′-trityl-
protection of 2-thiothymidine derivative 1 (Scheme 1). To activate
the 2-thio moiety mildly, we alkylated the 2-thio-functionality of
2 with CH3I to give 3.10 Treatment of 3 with freshly prepared
NaSeH gave a clean selenization reaction, and 4 was isolated in

82% yield. The protection of the 2-seleno moiety of 4 was finally
achieved with ICH2CH2CN, giving 5 in 91% yield. Phosphitylation9

of 5 gave Se-phosphoramidite derivative 6. 2-Se-thymidine (SeT)
phosphoramidite 6 was found to be compatible with the conditions
of the solid-phase synthesis, and the stability of the protected 2-Se-T
moiety allows us to successfully synthesize the Se-oligonucleotides
using the ultramild protecting groups.9 The coupling of 6 into DNA
is similar to the native DNA synthesis. The synthesized Se-DNAs
were purified and analyzed by HPLC and MS (Table S1 and
Supporting Information).

Our UV-denaturation studies showed that the melting temper-
atures of the native and Se-modified DNA duplexes (Tables 1 and
S2) are almost the same (∼0.4 °C difference), suggesting that the

Figure 1. Native and Se-modified T/A base pair and T/G wobble pair.

Scheme 1. Synthesis of 2-Se-T phosphoramidite (6) and Se-DNA
(7)a

a Reagents and conditions: (a) DMTr-Cl, Pyridine, DMAP, rt; (b) DBU,
DMF, CH3I; (c) Se, NaBH4, EtOH; (d) I-CH2CH2CN, i-Pr2NEt, CH2Cl2;
(e) (i-Pr2N)2P(Cl)OCH2CH2CN, (i-Pr)2NEt, CH2Cl2; (f) Solid-phase synthesis.

Table 1. Melting Temperatures of Native and SeT-DNA Duplexes

Sequences and
Mismatches Pairs Tm (°C)/-∆G°

(kcal/mol)11
∆Tm

(°C)

I: 5′-CTTCT TGTCCG-3′
3′-GAAGAACAGGC-5′

T/A 42.6/10.06 -

I + 3′-GAAGATCAGGC-5′ T/T 30.9/7.05 -11.7
I + 3′-GAAGAGCAGGC-5′ T/G 35.6/8.23 -7.0
I + 3′-GAAGACCAGGC-5′ T/C 28.0/6.11 -14.6
II: 5′-CTTCTSeT GTCCG-3′
3′-GAAGAACAGGC-5′

SeT/A 42.2/9.84 -0.4

II + 3′-GAAGATCAGGC-5′ SeT/T 31.9/7.55 -10.7
II + 3′-GAAGAGCAGGC-5′ SeT/G 28.9/7.18 -13.7
II + 3′-GAAGACCAGGC-5′ SeT/C 23.9/5.58 -18.7
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oxygen substitution with selenium at the 2-position of thymidine
does not cause significant perturbation. The melting temperature
decrease of the SeT/T mismatched duplex (∆Tm ) 10.7 °C) by
comparison with the matched native duplex is very similar to that
of the T/T mismatched duplex (∆Tm ) 11.7 °C), suggesting the
same level of the T/T mismatch discrimination. Moreover, the Tm

decrease of the SeT/G wobble-paired duplex (∆Tm ) 13.7 °C) is
much more than that of the native T/G wobble-paired duplex (∆Tm

) 7.0 °C), suggesting a stronger discrimination against the T/G
wobble pairing after the 2-Se incorporation (Tables 1 and S2).
Interestingly, the Tm decrease of the SeT/C-mismatched duplex (∆Tm

) 18.7 °C) is also much higher than that of the native T/C-
mismatched duplex (∆Tm ) 14.6 °C), suggesting a stronger
selectivity against the T/C mismatch after the 2-selenium substitu-
tion. It appears that the 2-Se-modification of thymidine significantly
increases the selectivity against T/G wobble and T/C mismatches
while retaining the same level of strong discrimination against the
T/T mismatched pair and the same high fidelity of the native T/A
matched base pair. Results of thermal dynamic calculation11 (Tables
1 and S3) are consistent with the UV-melting studies.

Furthermore, this increase of the base pair specificity is consistent
with our crystal structure study. We have solved the X-ray crystal
structure of the Se-DNA (5′-G-dU2′-Se-G-SeT-ACAC-3′)2 at the
atomic resolution (Figure 2), via the crystallization facilitation using
the 2′-Se-dU moiety.12 Superimposition of the determined Se-DNA
crystal structure (1.58 Å) over the corresponding native in the same
tetragonal space group13 reveals that these two structures are very
similar (Figure 2A). Moreover, we found that the SeT/A base pair
is virtually identical to the native T/A pair (Figure 2B and 2C). As
expected, the large selenium atom fits well in the structure, since
the 2-exo-position of T is not involved in the hydrogen bond
formation with A. Furthermore, our biophysical and structural
studies suggest that the bulky 2-Se atom (a weak hydrogen-bond
acceptor) may discourage the wobble pairing by both the steric
hindrance and the electronic effect: the weaker hydrogen-bonding
ability of the 2-Se atom compared to the 2-O atom in the native
wobble pair (Figure 1). The bulky 2-Se atom does not interact with
the pairing A and thus causes no disruption on the T/A pairing,
which is consistent with our UV-melting study. Therefore, the 2-Se
atom bulkiness and electronic effect are probably the main factors
responsible for the discrimination against the formation of the

wobble SeT/G base pair, which is in a good agreement with our
UV-melting and structural results on the native and Se-modified
T/G wobble pairs.

In summary, we have developed the novel chemistry to first
synthesize the 2-Se-derivatized thymidine, 2-Se-T phosphoramidite,
and 2-Se-T DNAs. Our biophysical studies on the 2-Se-DNAs
indicate that the perfectly matched Se-DNA duplexes have almost
the same stability as the native ones. Interestingly, the 2-Se-
substitution largely increases the specificity of the base pair
recognition by further discouraging the T/G wobble and T/C base
pairs, providing a unique chemical strategy to further enhance base-
pairing fidelity. Consistently, our crystal structure study further
reveals that the selenium-atomic substitution does not significantly
alter the native T/A base pairing and overall duplex structure. Our
experimental results indicate that this 2-Se-substitution facilitates
the higher specificity of the thymidine pairing with the natural
nucleobases. Moreover, this 2-Se-derivatized thymidine provides
a useful tool in derivatization and phasing for X-ray crystal structure
studies of nucleic acids and their protein complexes. The Se-atom-
specific probing will open new research opportunities for further
investigating base-pair recognition and the high fidelity of DNA
polymerase replication, RNA polymerase transcription, and mRNA
translation.
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Figure 2. Global and local structures of the 2-Se-T-DNA [(5′-GdU2′-Se-
G-SeT-ACAC-3′)2], with a resolution of 1.58 Å. (A) The superimposed
comparison of the Se-DNA duplex (3HGD, in green) with its native
counterpart (1D78, in cyan). The red balls represent the selenium atoms.
(B) The superimposed comparison of the local SeT4/A5 (in green) and native
T4/A5 (in cyan) base pairs. (C) The experimental electron density map of
the SeT4/A5 base pair with σ ) 1.0.
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