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Nucleic acid libraries provide tremendous opportunities for
the selection of novel ligands and catalysts since the polymer-
ase chain reaction (PCR) allows for the synthesis and
selection of libraries containing more than 1014 different
molecules. There are now many examples of nucleic acids that
have been selected to bind proteins and small molecules and
to catalyze a limited set of reactions.[1±3] The catalytic and
mechanistic scope of nucleic acids is limited since the natural
nucleotide monomers possess minimal functionality relative
to the repertoire available to nature�s dominant catalytic
biopolymers, proteins. In recognition of this shortcoming
much attention has been focused on the development of
functionalized nucleotides suitable for in vitro selection with
the hope of increasing the potential of nucleic acids for
binding and catalysis.[4] Functionalized nucleotide triphos-
phates have been shown to be substrates for RNA polymer-
ases,[4d, h] and catalytic RNAs that are dependent on the
modified base[5] for their activity have been selected. In a
similar manner to RNA, DNA has also been selected to bind
proteins and small molecules and more recently to catalyze
reactions.[1±3] While DNA possesses enhanced stability rela-
tive to RNA, the lack of a 2'-hydroxyl group, which provides
for the enhanced stability of this molecule, further reduces the
potential for chemical functionalization. In contrast to the
success achieved in identifying modified nucleotide triphos-
phates for RNA libraries, there is but a single example of a
deoxynucleotide triphosphate, 5-(1-pentynyl)-2'deoxyuridine
triphosphate, which is a good substrate for a thermostable
DNA polymerase and has been utilized in an in vitro DNA
selection study.[6] Indeed, difficulties in identifying modified
deoxynucleotide triphophate substrates for the thermostable
polymerases required for PCR have led recently to the
development of novel strategies for in vitro selection without
enzymatic amplification.[7] Therefore, the major impediment
to the creation of novel functionally modified DNA catalysts
and binding molecules is the determination of the structures
of the substrate that are accepted by the thermostable
polymerases. Herein, we provide a solution to this problem
through the systematic synthesis and study of deoxyuridine
triphosphate derivatives and disclose the discovery of a class
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of highly functionalized derivatives suitable for in vitro
selections of modified DNAs.

Studies directed towards defining base modifications that
are tolerated by thermostable polymerases began with the
synthesis of 5-(3-aminopropenyl)-2'deoxyuridine triphos-
phate from the known compound 2 (Scheme 1). We found a
palladium catalyzed route starting from commercially avail-
able 5-iododeoxyuridine preferable to the earlier synthesis[8]

that started with 5-chloromercuri-2'-deoxyuridine, though
both provided 2 in similar yields. Optimization of the syn-
thesis of 2 and its conversion into the corresponding 5'-
triphosphate by the methodology of KovaÂcs and Ötvös[9]

followed by deprotection of the amine provided 3, which
could be isolated on a 100-mg scale with analytical purity
(Scheme 1).[10]

We studied the ability of 3 to act as a substrate in place of
deoxythymidine triphosphate (dTTP) for thermostable DNA
polymerases under typical PCR conditions. Commercially
available thermostable DNA polymerases from four organ-
isms were studied; Taq from Thermus aquaticus, Vent from
Thermococcus litoralis, Pfu from Pyrococcus furiosus, and rTh
from Thermus thermophilus. PCR assays with compound 3
demonstrated its incorporation[11] into the 519 base pair
product only with rTh polymerase (Figure 1). Successful PCR
with this template requires incorporation of 246 modified
bases including a single stretch of eight contiguous thymidine
groups. Despite this limited success we derivatized 3 with
three different N-hydroxysuccinimide esters and produced
4 a ± c (Scheme 2).

Compound 4 a, a 4-imidazole acrylic acid derivative, proved
to be an excellent substrate for all the polymerases tested, and
produced a similar amount of PCR product as that obtained
with dTTP. Further study of substrates 4 b and 4 c with
variation in the Mg2� concentration (15 to 30 mm) and
analogue concentration (200 to 800 mm) failed to define
conditions that allowed for incorporation of these modified
bases. To study the structural feature of 4 a that allowed for it
to be recognized as a good substrate for the polymerases we
synthesized 4 d, a reduced analogue of 4 a. No conditions
could be defined with any of the polymerases that allowed for
PCR with 4 d, which suggested that the rigid and extended
a,b-unsaturated arm of the 4-imidazole acrylic acid provided
for its activity. To test this structure ± activity relationship we

Figure 1. PCR assays of dUTP derivatives: total volume 100 mL, 1 mL
(10 ngmLÿ1) of DNA template pMal 7CS2 (7030 bp), 1 mL (13 pmol) of
each primer, Malseq B (GTAAAACGACGG CCAGTG CCAAGC) and
Malseq F (GAC GCG CAGACTAAT TCG AGC), 1 mL (5 U mLÿ1) of Taq
polymerase (AmpliTaq) (except lanes 4 and 13 where rTh polymerase was
used), 8 mL of modified dNTP mix (2.5 mm of each nucleotide) or natural
dNTPs (2.5 mm of each nucleotide). Conditions: 94 8C/30 s; 30 cycles of
94 8C/1 min, 56 8C/1 min, 74 8C/2 min; 74 8C/10 min. Aliquots of PCR
products (10 mL each, except lane 4 where 20 mL was used) were analyzed
by electrophoresis (1.5 % agarose gel) and visualized by staining with
ethidium bromide. Lanes 1 and 14: marker DNA (100 bp); lane 2: positive
control (dTTP�dATP�dGTP�dCTP); lane 3: negative control
(dATP�dGTP�dCTP); lane 4: 3�dATP�dGTP�dCTP; lane 5:
4�dATP�dGTP�dCTP; lane 6 : 4 b�dATP�dGTP�dCTP; lane 7:
4c�dATP�dGTP�dCTP; lane 8: 4d�dATP�dGTP�dCTP; lane 9:
4e�dATP�dGTP�dCTP; lane 10: 4 f�dATP �dGTP�dCTP; lane 11:
4g�dATP�dGTP�dCTP ; lane 12: 4h�dATP�dGTP�dCTP; lane 13:
4 i�dATP�dGTP�dCTP.

synthesized 4 e ± 4 g with the a,b-unsaturated linker arm
common to 4 a maintained (Scheme 2). Compounds 4 e ± 4 g
were substrates for all the polymerases tested. Compound 4 g
bears a free amino group suitable for further derivatization.
We tested the possibility of 4 g to serve as a template for
higher level modification by the synthesis and testing of 4 h
and 4 i.

Analogue 4 h was a good substrate for all thermostable
polymerases tested, while 4 i was a substrate only for rTh
polymerase. Evidence that the modified dUTPs are indeed
incorporated into the PCR products is provided by the
substantial mobility shift that is obtained on electrophoresis
for the modified DNA products, which is indicative of both
the mass increase associated with the modified base as well as
the charge of the DNA product (Figure 1). Note that DNA
incorporating the analogue 4 g should possess a full positive
charge at neutral pH and migrates slower than DNA
incorporating 4 h that has an increased mass and negative
charge at neutral pH (Figure 1). The role of the extended

linker arm is apparent in compar-
ison of the efficiency of incorpo-
ration of 3 with 4 g, where both
carry a primary amine group. The
larger derivative 4 g bears the
extended linker arm and is a
robust substrate for PCR relative
to 3. PCR products that incorpo-
rate modified bases were found to
be resistant to cleavage by the
restriction enzymes Sac I and
Xba I that recognize the sequen-
ces GAGCTC and TCTAGA,
respectively, and cleave the natu-
ral DNA product. PCR products
obtained with modified dUTPs
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Scheme 1. Synthesis of 5-(3-aminopropenyl)-2'-deoxyuridine triphosphate: a) N-allyltrifluroacetamide,
Na2[PdCl4] in sodium acetate (0.1m, pH 5.2), 24 h; b) 1. POCl3 in trimethylphosphate, 1.8-bis(dimethyl-
amino)naphthalene (proton sponge), tri-n-butylammonium pyrophosphate, tri-n-butylamine; 2. NH3 (aq.);
c) sodium perchlorate in acetone.
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were cloned and sequenced.[12] The fidelity of the incorpo-
ration of the modified dUTPs was similar to that observed
with dTTP incorporation in the control reactions. The key
criteria for the use of a modified dNTP in an in vitro selection
methodology is its ability to serve as a substrate for thermo-
stable polymerases and the resulting product to serve as a
template for multiple cycles of PCR amplification. These
criteria are met with 3, 4 a, and 4 e ± i. Reverse transcriptases
may also be utilized in conjunction with PCR for in vitro
selection schemes of DNA enzymes. We tested the ability of 3
and 4 ± i to act as substrates of a reverse transcriptase
(Superscript II, Gibco/BRL) and determined that all but 4 c
and 4 h were substrates in template directed synthesis assays
(see supporting information). The specificity of this reverse
transcriptase is broader and not predictive of the structural
requirements of the thermostable polymerases. In our design
of analogues we have attempted to provide functional groups
that are lacking in DNA in order to expand its catalytic scope.
The functional groups of the natural nucleic acids have pKas
far removed from neutral pH and are therefore not suited for
general acid ± base catalysis in this pH range.[13] The analogues
described here address this limitation as well as provide
potential for covalent binding, electrostatic interactions, and

particularly metal ion catalysis. Analogues 4 g and 4 h provide
the first examples of the incorporation of cationic and anionic
nucleotide analogues into DNA by PCR, which dramatically
alter its electrostatic properties. With the exception of 4 e, the
analogues may be regarded as functional equivalents of the
amino acids lysine: 3 and 4 g, histidine: 4 and 4 i, tyrosine: 4 f,
and aspartic and glutamic acid: 4 h. The successful incorpo-
ration of l-histidine in analogue 4 i supports the possibility of
incorporating other natural amino acids as well as small
peptides. All the analogues provide new potential for hydro-
phobic binding interactions that are essential for folding and
pocket formation in protein enzymes, as well as for pKa

perturbations of functional groups.[14]

In summary, we have defined a class of highly functional-
ized C5-substituted dUTP derivatives that are substrates for
thermostable DNA polymerases and reverse transcriptase,
and are suitable for in vitro selection studies and the
enzymatic synthesis of combinatorial DNA libraries. While
we have defined here only substrates that replace the natural
DNA base thymidine, the tremendous breadth of substrate
analogues accepted by the polymerases we have studied,
provided certain structural guidelines are followed, suggests
the likelihood that guanine, cytosine, and adenine analogues
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could be identified, which would then allow four coded
substitutions into modified DNA libraries. While this falls
short of the 20 coded amino acids available in protein
libraries, higher order coding of derivatives may be obtained
by treating synthesized libraries with designed alkylating or
acylating reagents to introduce additional functionality
wherein the chemical reactivity of the targeted deoxynucleo-
tide is encoded by its structural context. Given the size of the
libraries accessible with nucleic acids and PCR, and the ease
with which they may be evolved through many generations in
the laboratory, we anticipate that modified DNA will make
significant inroads into areas of catalysis that were previously
believed to be the sole purview of protein catalysts.

Experimental Section

2 : This compound was first synthesized by Cook and his co-workers[8] from
5-chloromercuri-2'-deoxyuridine 1 b. We synthesized 2 from commercially
available 5-iodo-2'-deoxyuridine by a similar procedure: A suspension of
5-iodo-2'-deoxyuridine 1 a (3.5 g, 10 mmol) in sodium acetate buffer (0.1m,
pH 5.2) was treated with N-allyltrifluroacetylamide (13 g, 88 mmol)
followed by a solution of sodium tetrachloropalladate (2.5 g in 5 mL
water). The mixture was stirred at room temperature for 18 h and then
filtered through celite. The filtrate was concentrated and extracted several
times with ethyl acetate. The combined organic layers was dried over
anhydrous magnesium sulfate. The solvent was evaporated to dryness and
the product purified by column chromatography on silica gel with ethyl
acetate as eluent to give 2 (1.7 g, 44%). 1H NMR (CD3OD): d� 8.11 (s, br,
1H; C-6 H), 6.45 (m, 1 H) and 6.16 (m, 2H; Hvinyl and H-1'), 4.32 (m, 1H;
H-3'), 3.8, (m, 3 H; Hallyl , H-4'), 3.75 ± 3.60 (m, 2 H; H-5', H-5''), 2.17 (m, 2H;
H-2', H-2'').

3:[9]: Compound 2 (126 mg, 0.33 mmol) was stirred in dry trimethylphos-
phate (0.75 mL) with 1,8-bis(dimethylamino)naphthalene (proton sponge,
100 mg, 0.47 mmol) at 0 8C. Phosphorous oxychloride (35 ml, 99.9 %
Aldrich) was added and the mixture was stirred at 0 ± 4 8C. After 2.5 h a
solution of tri-n-butylammonium pyrophosphate in anhydrous DMF (0.5m,
3 mL) and tri-n-butylamine (0.3 mL) was added quickly to the reaction
mixture at 0 8C. After 1 min an aqueous solution of triethylammonium
bicarbonate (0.2m) was poured into the mixture. After evaporation the
residue was treated with aqueous ammonia (2 mL), and stirred overnight at
room temperature. After evaporation of the ammonia, the residue was
purified by column chromatography on DEAE-Sephadex A-25 with
triethylammonium bicarbonate buffer (0.2 ± 0.5m, pH 7.5). The final
purification was achieved by reversed-phase HPLC with the gradient
0 ± 3% acetonitrile in 50mm triethylammonium bicarbonate buffer over
30 min to give 3 (110 mg, 54 %). 1H NMR (D2O): d� 8.17 (s, br, 1H;
C-6 H), 6.58 ± 6.54 (d, 1 H), 6.48 ± 6.40 (m, 1 H), and 6.35 (t, 1 H; Hvinyl and
H-1'), 4.66 (m, 1H; H-3'), 4.26 ± 4.2 (m, 3 H; 5', 5'', H-4'), 3.70 (d, 2H; Hallyl),
2.41 (m, 2H; H ± 2',2''); 13C NMR (D2O): d� 166.67, 153.35, 141.0, 128.74,
124.7, 114.00, 88.27, 87.90, 72.7, 67.66, 43.60, 41.98; 31P NMR (D2O): d�
ÿ9.42 (d), ÿ10.73 (d), ÿ21.38 (t); electrospray MS: m/z : 589 [M�H�], 611
[M�Na�], 633 [M�2Na�ÿ 2H�]; elemental analysis calcd for
C12H16N3Na4O14P3: C 23.58, H 2.64, N 6.88; found: C 23.75, H 2.81, N 7.00.

General synthesis of 4, 4d, 4 e, and 4 f : Compound 3 (30 mg, 50 mmol) was
treated with a slight excess of the corresponding N-hydroxysuccinimide
ester in 0.1m sodium borate buffer/DMF (1/1) at room temperature and
stirred for 10 ± 20 h. After completion of the reaction (as monitored by TLC
with ammonia/water/isopropanol, 2/1/1), the mixture was evaporated to
dryness. The triphosphates were purified by reversed-phase HPLC. For
complete physical data and synthetic procedures for all compounds see
supporting information.
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