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Tuning the Reaction Site for Enzyme-Free Primer-Extension Reactions
through Small Molecule Substituents
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Introduction

Replication and transcription of genetic information rely on
the step-wise extension of a complementary strand, directed
by a templating strand that engages in Watson–Crick base
pairing with incoming nucleoside triphosphates (Figure 1a).
The same reaction has been harnessed for key biomedical
applications, such as the polymerase chain reaction (PCR),[1]

sequencing by the chain terminator method,[2] or genotyping
via primer extension.[3] For any of the processes named, en-
zymatic catalysis by a polymerase is required. Polymerases
are fascinating enzymes, as they show promiscuity and fideli-
ty at the same time. They are promiscuous by accepting four
different substrates (dATP, dCTP, dGTP, and dTTP), and
they show high fidelity by always incorporating the matched

nucleotide to the templating base, with error rates below 1
in 105 reactions, even without proofreading capability.[4,5]

It is believed that the level of sequence fidelity found in
polymerase-catalyzed reactions cannot be the result of the
selectivity of base pairing alone.[6] Non-Watson–Crick base
pairs are known to form readily between nucleobases in so-
lution.[7] Even when the two nucleotides are preorganized in
a duplex, base pairing at the termini, where primer exten-
sion occurs, is of low fidelity.[8,9] How, then, do polymerases
achieve their remarkable effect on template-directed primer
extension? Is their effect predominantly based on shape
complementarity, specific hydrogen bonds, electrostatic
complementarity to the transition state, or p-stacking? The
interplay of competing forces in complex biochemical sys-
tems limits the ability to answer this question conclusively.
Well defined chemical model systems can provide useful in-
sights into primer-extension reactions. Further, such chemi-
cal systems may eventually be evolved to a level that makes
them useful for biomedical applications, such as genotyping
single-nucleotide polymorphisms,[10] at a fraction of the cost
of enzymatic reactions.

We have recently presented a molecular system for non-
enzymatic primer-extension reactions (Figure 1b)[11] that ex-
tends work in the realm of prebiotic evolution in that it uses
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2-methylimidazolides of deoxynucleotides as activated mon-
omers.[12,13] Methylimidazolides are known to undergo tem-
plate-directed oligomerization in aqueous buffer.[14] While
initially developed for reactions with the 2’/3’-diol of ribonu-
cleotides,[15] they have been shown to react more rapidly
with amines.[16] The non-enzymatic reactions between meth-
ylimidazolides and 3’-amino-terminal primers are therefore
sufficiently fast to allow for assays on the time scale of days,
rather than weeks.[11] Our molecular system uses covalently
appended small molecules that can act as “caps” to modu-
late the chemical environment for primer-extension reac-
tions. Competitive reactions, involving all four activated nu-
cleotides, are monitored by quantitative MALDI-TOF mass
spectrometry,[17] to measure both rates and fidelity of the
template-directed reactions.

In our earlier work,[11] we were able to show that bile acid
residues linked to the 5’-terminus of the template can en-
hance the rate of primer extension up to 6.5-fold. Here we
show that rate increases of up to 19.6-fold are achievable
with a stilbene as cap. The stilbene substituent accelerates
the primer extension for all four templating bases. Further,

we present results from exploratory studies involving a
three-strand system, where a cap is presented by a third,
downstream-binding strand. With this system, rate enhance-
ments of up to 38-fold over the cap-free primer extension at
the terminus of the template were achieved. The latter re-
sults show that the concept of using small molecule substitu-
ents to accelerate non-enzymatic primer extension can also
be applied to reactions with unmodified, potentially bio-
genic, template DNA.

Results

A total of 31 different templates were prepared, starting
from commercially available controlled pore glass (cpg)
loaded with the first nucleoside (Scheme 1). This included
seven control compounds, either with an unmodified 5’-ter-
minus (1a,g, t) or with a 5’-acetamido group (2a–t). Control
“1c” could not be used, since it has the same mass as one of
the templates (11g, see Scheme 2), which would lead to a
peak overlap in MALDI spectra. Eight templates with 5’-
acylamido substituents were prepared, four with a cholic
acid residue (3a–t), the lead structure from our earlier stud-
ies,[11] and four with a pyrenylbutyramide residue (4a–t).
Pyrene is known to stack well on base pairs,[18] and has been
studied extensively as an intercalator and base-pair surro-
gate.[19] Further, three sets of templates were prepared in
which the 5’-substituent is linked to the templating strand
through a phosphodiester linkage. Compounds 5a–t and 6a–
t feature stilbene carboxamides as caps.[20] Stilbenes are
known to bridge the termini of DNA duplexes, both when
linked to either of the strands,[20] and when linked to one
strand only.[21] For a DNA duplex with singly appended tri-
methoxystilbenes, increased base-pairing fidelity has been
demonstrated,[20] and a three-dimensional structure has been
solved that explains this effect.[22] Templates 7a–t were pre-
pared that feature a composite cap at their 5’-terminus,
which consists of a thymidine residue and a 5’-appended ox-
olinic acid residue. A high-resolution structure of a DNA
hexamer has shown that the composite cap can bridge ter-
mini.[23] The final set of templates, 8a–t, are unmodified con-
trol strands that contain the 5’-thymidine residue of the
composite cap, but lack the quinolone.

The terminal regions of duplexes capped by cholic acid,
the trimethoxystilbene, and the composite cap are shown in
Figure 2. These should be structurally similar to the products
formed in single-nucleotide-extension reactions in the pres-
ence of these caps. The non-enzymatic primer-extension re-
actions themselves are shown in Scheme 2. Primer 9 is al-
lowed to react with any of the four imidazolides 10a–t pres-
ent in an aqueous buffer to give extended primers 11a–t in
the presence of one equivalent of any of the 31 templates
shown in Scheme 1. Rate constants for each of the four
competing reactions (with 10a,c,g, t) were obtained by fit-
ting monoexponential functions to the kinetics obtained
from MALDI spectra at stated intervals. In every case, ex-
periments included control assays with unmodified or 5’-ace-

Figure 1. Schematic drawing of template-directed primer-extension reac-
tions, a) in the active site of a polymerase with a deoxynucleotide tri-
phosphate as monomer, and b) in aqueous solution with an imidazolide
of a deoxynucleotide as monomer, an amino-terminal primer, and a small
molecule substituent as cap.
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tylated templates to ensure high accuracy and reproducibili-
ty for the rate constants. Rate constants in Tables 1 and 2
are given relative to the slowest of the control reactions
with unmodified templates, namely that with template 1 t, as
absolute rate constants can vary by up to a factor of two, de-
pending on the history of the imidazolides and the exact
room temperature. Calibration data for quantitation by
MALDI-TOF MS are given in the Supporting Information.
The fidelity of the reactions is expressed as the ratio be-
tween the rate of incorporation for the complementary nu-
cleotide and the rate for incorporation of the closest com-

petitor among the mismatched
nucleotides. This ratio is impor-
tant when using the primer-ex-
tension reactions for genotyp-
ing, as it defines whether an un-
ambiguous base call can be
made or not. Since the acetami-
do group of the templates of
general structure 2 should not
have an appreciable effect on
the primer-extension reaction,
the comparison of the rates for
reactions templated by 1a–t
and those templated by 2a–t
provides an additional impres-
sion of the reproducibility of
the results.

All cap-bearing templates
give rate accelerations and in-

crease the fidelity of the non-enzymatic primer-extension re-
actions, when compared with controls of general structure 1
and 2 (Table 1). Among the five caps tested, pyrenylbutyra-
mide consistently gave the smallest effect, resulting in rates
with templates of general structure 4 between 1.9- and 3.1-
fold higher than those of the control with the same templat-
ing base. For the templates with strongly base-pairing nucle-
obase at the extension site (those of the g and the c series),
cholic acid (general structure 3) was the next better cap,
with �6.6-fold rate increases. For the weakly base-pairing
templates (a and t series), the cholic acid cap was a little

Scheme 1.

Scheme 2.
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better than the trimethoxystilbene (general structure 6).
Two caps consistently gave the strongest effect on the
primer-extension reactions: the stilbene carboxamide resi-

due (general structure 5) and the composite cap of tem-
plates 7a–t. The former was the best performer for the
weakly base-pairing templates (A and T as templating
bases), whereas the latter gave the most pronounced rate ac-
celeration for the templates presenting a C or a G as tem-
plating base. If one considers the templates with an extra
thymidine residue at the 5’-position (8c,g) as the relevant
controls for the composite cap templates, the small lead for
the composite cap is negligible, even for the strongly base-
pairing templates. This makes the stilbene carboxamide resi-
due of templates 5a–t the “winner” of the assays performed.
The strongest rate increase is that for A as templating base,
where it reached a factor of 19.6-fold over the control reac-
tion.

The selectivity of the incorporation correlates surprisingly
well with the rate enhancements, with relatively few excep-
tions. The increase in ratio between incorporation of the
complementary nucleotide and the next best competitor (pe-
nultimate column, Table 1), defining the “signal-to-noise” in
practical applications, roughly parallels the increase in rate
for incorporation of the correct nucleotide. The exceptions
are reactions templated by a thymine. Clearly the most se-
lective reactions are those for strongly base-pairing nucleo-
bases (C and G) occurring in the presence of the composite
cap, with ratios between matched incorporation and most
prominent of the misincorporation reactions of approxi-
mately 20:1 (Figure 3 and Table 1).

Finally, we performed an exploratory study on the effect
of a downstream-binding strand with or without cap on the
rate and fidelity of the primer-extension reaction involving
primer 9 (Scheme 3). Downstream-binding oligonucleotides,
also called “helper oligonucleotides” bind in the 5’-region of
the template such that they leave only the templating nucle-
otide free.[10] Together with the overhang of the template
they thus form a high molecular weight cap for primer-ex-
tension reactions. In the system tested (Scheme 3), two dif-
ferent templates (12a,g) were employed, the equivalent of
two different alleles of a single-nucleotide polymorphism
(SNP). The templates feature a ten nucleotide overhang.
The unmodified helper oligonucleotide 13 binds to the non-
amer region downstream from the templating nucleotide.
Helper oligonucleotide 14 is an octamer that contains a pyr-
enylmethylpyrrolidinol cap instead of the 5’-terminal deoxy-
cytidine residue. This type of pyrenyl cap came up as a hit
in a recent combinatorial study on caps for hybridization
probes.[9] It has the advantage of being commercially avail-
able (Glen Research, Sterling, VA, USA, see: www.glenres.
com), so that this molecular system can be readily generated
by laboratories without special synthetic effort, using auto-
mated chain assembly. Much like the stilbene of 5a–t, the
pyrenyl ring system of 14 is also very lipophilic.

Table 2 compares the rate constants and selectivities for
reactions with the template (12a,g) either in the presence or
absence of 13 and 14 with those of templates 1a and 1g.
With the weakly base-pairing nucleobase of 12a, the selec-
tivity is modest, but the overhang has a substantial rate-en-

Table 1. Results from primer-extension reactions.

Template kA[a] kC[a] kG[a] k T[a] t1=2
pr [h][b] Rel.

signalw/sc[c]
Accel-
eration[d]

1a[e] 1.1 0.5 0.4 1.1 11.5 1.1 1.0
2a 1.0 0.6 0.7 1.2 10.2 1.2 1.1
8a 1.0 0.4 0.6 1.8 9.4 1.8 1.6
4a 1.3 0.5 0.8 3.4 6.0 2.7 3.0
6a 0.8 0.3 1.0 4.9 5.0 4.9 4.4
3a 1.1 0.8 0.9 5.5 4.2 5.0 4.9
7a 1.4 0.7 1.2 7.9 3.1 5.7 7.1
5a 1.9 1.0 1.9 21.6 1.3 11.4 19.6

2c 0.7 0.3 1.8 0.3 11.5 2.7 1.0
4c 0.8 0.4 2.3 0.4 9.5 3.1 1.3
8c 0.6 0.3 2.4 0.3 10.1 4.4 1.3
3c 0.6 0.5 6.6 0.3 4.3 10.7 3.7
6c 1.5 0.5 12.0 0.9 2.4 8.0 6.7
5c 1.3 0.7 18.0 0.6 1.7 14.1 10.0
7c 1.1 0.7 22.6 0.6 1.4 20.4 12.6

1g 0.7 3.4 0.5 0.5 6.8 4.7 1.0
2g 0.7 3.6 0.5 0.6 6.6 5.2 1.1
8g 0.6 3.8 0.5 0.5 6.5 6.5 1.1
4g 1.2 7.5 0.5 0.9 3.5 6.5 2.2
3g 0.9 15.3 0.5 1.2 1.9 13.0 4.5
6g 1.8 18.4 0.5 1.5 1.6 10.3 5.4
5g 2.2 25.6 0.5 2.4 1.1 10.7 7.5
7g 0.9 31.2 0.5 1.7 1.0 19.0 9.2

2t 0.8 0.3 0.3 0.3 22.1 2.5 1.0
1t 1.0 0.3 0.3 0.3 18.9 3.3 1.3
8t 1.1 0.3 0.3 0.3 18.3 3.6 1.4
4t 1.9 0.4 0.5 0.4 11.1 3.7 2.4
6t 5.2 0.4 0.9 0.2 5.3 6.1 6.6
3t 5.9 0.6 0.8 0.3 4.6 7.2 7.4
7t 6.1 0.5 1.2 0.3 4.4 5.2 7.7
5t 7.3 0.5 1.1 0.5 3.7 6.8 9.2

[a] Relative rate constants for the formation of extension products;
values for matched case in bold. [b] Half life times for the disappearance
of primer. [c] Ratio of kwinner to k strongest competitor. [d] Relative increase in
rate for the reaction leading to the formation of matched product.
[e] Strands of a given templating base are ordered according to rates of
desired extension reaction.

Table 2. Kinetic parameters for extension reactions with helper oligonu-
cleotides.

Oligomers kA[a] kC[a] kG[a] k T[a] t1=2
pr

[h][b]
Rel. sig-
nalw/sc[c]

Acceleration[d]

1a, 9 0.9 0.6 0.7 1.1 9.7 1.2 1.0
12a, 9 0.3 1.8 0.8 9.2 2.6 5.4 8.5
12a, 13, 9 1.1 1.8 1.9 9.9 2.2 5.4 9.0
12a, 14, 9 1.1 2.8 2.5 42.1 0.7 15.3 38.4

1g, 9 1.1 3.4 0.7 0.4 2.9 3.1 1.0
12g, 9 1.5 21.8 1.0 0.6 0.6 14.6 6.5
12g, 13, 9 2.3 23.0 1.7 0.9 0.6 9.8 6.8
12g, 14, 9 1.9 45.8 1.4 1.3 0.3 24.2 13.5

[a] Relative rate constants for the formation of extension products;
values for matched case in bold. [b] Half life times for the disappearance
of primer. [c] Ratio of kwinner to k strongest competitor. [d] Relative increase in
rate for the reaction leading to the formation of matched product.
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hancing effect. This may be due
to the formation of non-cova-
lent assemblies between mono-
mers and the template at the
monomer concentration em-
ployed. The formation of non-
covalent assemblies has been
considered in work on the ki-
netics of non-enzymatic replica-
tion.[25] This is confirmed by the
very modest rate enhancement
in the presence of 13, the down-
stream-binding oligonucleotide.
At lower monomer concentra-
tion, where non-covalent heli-
ces are less stable, helper oligo-
nucleotides have a more pro-
nounced effect.[10] Faster reac-
tions in the interior of tem-
plates, compared with the
termini, are known from other
reports on non-enzymatic repli-
cation.[26]

In the three-strand system in-
volving 14 with its pyrenylme-
thylpyrrolidinol cap, the fastest
reactions were measured of all
systems studied in this work.
For the fastest case, template
12g, full primer conversion can
be achieved in less than one
hour (Figure 4). The cap in-
creases the rate for the correctly
appended monomer over the
rate with unmodified helper 13
four-fold for the A-template
and two-fold for the G-tem-
plate. Further, excellent selec-
tivities are observed with the in-
corporation of the most easily
incorporated competitor well
below 10% for either template

Figure 3. Representative kinetics of templated primer-extension reactions (compare Scheme 2). Shown are the
kinetics of the control reaction with 2c (left) and the reaction templated by 7c (right). The graphs show mono-
exponential fits to data obtained by quantitative MALDI-TOF MS. Crosses are for 11a, open triangles for
11c, filled triangles for 11g, and open circles for 11t.

Figure 2. Details of solution structures of duplexes with caps found in templates 3, 6, and 7; a) terminal region of duplex (chl-TGCGCA)2,
[24] b) terminal

region of duplex (TMS-TGCGCA)2,
[22] and c) terminal region of duplex (OA-TGCGCA)2.

[23] Color code: caps, red; 3’-terminal residues of the duplex,
blue; other residues of duplex, white; dangling residue, gray. Please see first paragraph of the Experimental Section for abbreviations.

Scheme 3.
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in the cases where the pyrenyl cap is presented at the 5’-ter-
minus of the downstream-binding oligonucleotide. A com-
parison of the kinetics for templates 1a, 12a, 14 and 1g,
12g, 14 are shown in Figure 5.

Discussion

Polymerases put an a-helix over the base pair of the incom-
ing deoxynucleotides and templating bases,[27] which, togeth-
er with the remainder of the active site, fit the transition
state for correct base pairs better than transition states in-

volving mismatched base pairs. To achieve sufficient rates
and selectivities with simpler, chemical entities, catalysts
could attract the incoming nucleotides to the active site,
they could electrostatically favor the attack of the 3’-nucleo-
phile on the phosphate, and they could generate energetic
hurdles that prevent the formation of products with mis-
matched base pairs. Polymerases are complex structures,
which complicates the separation of the individual factors.
Whether interactions that are predominantly van der Waals
interactions, hydrogen bonding, dipol–dipol/dipol–quadrupol
interactions, electrostatic interactions, or hydrophobic ef-
fects are responsible for the rate enhancements achieved
with them over the background reaction is difficult to deter-
mine. Shape complementary has been emphasized by some,
based on studies with isosters of nucleotides,[28] whereas
others have highlighted the presence of universal hydrogen-

bond acceptors[29] in poly-
merase-catalyzed reactions.[30]

What may be learned about
primer-extension reactions from
the results presented here?
None of the rate-accelerating
caps displays cationic groups
that could have been expected
to stabilize the transition state
of the extension reaction elec-
trostatically. Further, there is no
obvious shape complementarity
that prevents incorporation of
mismatched nucleotides. Except
for the trimethoxystilbene and
the cholic acid residue, which
are known to “gauge” terminal
base pairs through molecular in-
teractions with terminal base
pairs by packing against the de-
oxyribose of the target nucleo-
tide,[22,24] neither cap has an ob-
vious structural feature that pre-
vents the formation of wobble
base pairs and other possible
mismatches. Neither the trime-
thoxystilbene nor the cholic acid
residue is among the most selec-
tivity-inducing caps in our study.

All caps have features that may help to retain the incom-
ing nucleotide at the reaction site, though. This could mean
that the ability to retain monomers at the reaction site is the
dominant effect. Duplex stability has also been found to be
the critical feature for achieving primer ligation,[31] a reac-
tion related to primer extension. But, there is no clear corre-
lation between the UV melting points of duplexes stabilized
by the individual caps[8,9,20,23] and the relative rates measured
in our assays. Also, there is no simple correlation between
lipophilicity or p-stacking surface and rate enhancement.
The two “winner” caps identified in the overhang-free
system (5 and 7) differ greatly in size, shape, and repertoire

Figure 4. Selected MALDI-TOF mass spectra for the extension of 9 in
the presence of template 12g and the downstream-binding oligomer 14
(see Scheme 3 for sequences).

Figure 5. Kinetics for primer-extension reactions templated with or without an overhang in the template and a
capped downstream-binding oligonucleotide: a) templated by 1a ; b) templated by 12a and 14 ; c) templated
by 1g ; d) templated by 12g and 14. Kinetics are based on mass spectra such as those shown in Figure 4. +:
primer-extension product 11a, ~: 11c, ~: 11g, and *: 11 t. Note that the time axes differ between the individu-
al plots.
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of functional groups. The pyrenyl cap of templates 4 fea-
tures the largest aromatic ring system, but induces the small-
est rate acceleration among the caps tested.

Perhaps the easiest comparison can be made for the caps
of templates 3–6. All of them are tethered to the 5’-terminus
of the template via alkyl chains of comparable length. In
terms of p-stacking surface, they differ quite substantially.
The stilbenes contain two benzene rings separated by a
vinyl bridge, whereas the pyrenyl substituent has a tetracy-
clic ring system, and the cholic acid does not have any aro-
matic moiety. The rate enhancing effect is greatest for the
stilbene and the smallest for the pyrenyl cap. This shows
that the general ability to engage in p-stacking is not a dom-
inant factor for the acceleration of primer extension. Fur-
ther, since the stilbene cap, rather than the trimethoxystil-
bene cap, has the stronger rate-accelerating effect among
the stilbenes, even though the latter is known to have the
stronger duplex-stabilizing interactions when employed as a
cap,[20] it is clear that the capping ability alone (i.e. , the abili-
ty to retain the incoming monomer) is not the governing
factor.

One important difference between the active site of a
polymerase and the caps tested here may help to explain
our results. Due to the tightly folded structure of the poly-
merase, the active site of the enzyme features a stable
cavity, preorganized to accept the substrates. The capping
portions of the modified templates, on the other hand, are
not fixed in space, allowing it to adopt a number of different
conformations. This affects their ability to act as rate-en-
hancing moieties. Most likely, an equilibrium, in which cap-
ping of the monomer-template base pair competes with cap-
ping of the terminal base pair of the primer/template
duplex, governs the primer-extension reactions (Scheme 4).

If the cap stacks on the terminal nucleotide of the primer/
template duplex I, it blocks the primer extension. This state
must be in equilibrium with unstacked states II that in turn
allow for the formation of the template/primer/monomer
complex III. If state I is populated too much, the desired re-
action will be slow, even if the likelihood of a reaction out
of state III is greater than for the control reaction without

cap. The stilbene cap of 5 may be better suited for accelerat-
ing primer extension than the trimethoxystilbene or the pyr-
enyl substituent of templates 4 as it stabilizes state III, but
does not get “stuck” in state I too readily. The thymidine
residue of the composite cap constitutes a more rigid linker
than that found in the other appendages; this makes it less
likely that the oxolinic acid residue can stack with the core
duplex I.

The results of the assays performed with the three-strand
system shown in Scheme 3 are interesting in light of the pro-
posed three-state equilibrium. The downstream-binding or
helper oligomer should provide a good cap, as it offers
stacking surfaces on either side of the monomer, equivalent
to those of a residue in the interior of a duplex. But even
the three-strand system can oscillate between an open state
that allows for the binding of a monomer and a closed state
where the two helices stack on each other with the templat-
ing base positioned extrahelical. That the small molecular
caps studied initially give rates and selectivities similar to
those of the three-strand system shows how well the caps
function. Further, the rate acceleration observed for the pyr-
enylmethylpyrrolidinol cap of 14 together with the fact that
the more lipophilic stilbene was the winner among the caps
on the short templates suggests that a lipophilic environ-
ment is favorable for the primer-extension reaction. So, a
stably preorganized reaction site and a lipophilic environ-
ment for base pairing are apparently both important factors
for rapid and selective primer extension. This conclusion
could be of interest to those generating ribozymes with
polymerases activity.[32]

The model proposed above does not explain why the stil-
bene of templates 5 has such a strong effect on the fidelity.
How does this simple hydrocarbon cap prevent the incorpo-
ration of non-Watson–Crick-paired monomers? It lacks the
shape complementarity that inhibits the formation of
wobble base pairs and other non-Watson–Crick base pairs,
and it does not have hydrogen-bond capabilities that allow
it to recognize the right positioning of the universal hydro-
gen-bond acceptors of correctly formed base pairs. So, the
presence of the stilbene moiety must enhance the intrinsic
selectivity of Watson–Crick base pairing itself. In the hydro-
phobic environment created by a cap, hydrogen bonds
should be strengthened compared with a state in which they
are solvent exposed. Perhaps the stilbene cap offers a better
hydrophobic shield for the canonical base pairs than for the
mismatched base pairs. The attachment site and interactions
with the templating base might position the cap to achieve
this effect. The interactions with T should be less extensive
than those with the larger A. Also, T itself is less likely to
be permanently stacked on duplex. Together, this might ex-
plain why the T-templated reaction gains the least from the
presence of the caps (Table 1).

The findings presented here are also of importance for
the practical use of non-enzymatic primer-extension reac-
tions. While the rate enhancements observed are modest
compared with those achievable with enzymes, they turn re-
actions previously considered only in the context of prebiot-

Scheme 4.
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ic evolution into reactions useful for applications that in-
volve determining nucleotides in a template. The results
with three-strand system (Scheme 3) show that with easy-to-
synthesize oligonucleotides sequence-specific non-enzymatic
primer-extension reactions can be accelerated enough to
give half-life times for the primer well below 1 h. This
makes these reactions attractive for applications such as
genotyping single-nucleotide polymorphisms.[33] The selectiv-
ity achieved is sufficient to make clear base calls after incor-
poration of unlabeled monomers by mass spectrometry,[10] or
to determine nucleotides in template DNA after incorpora-
tion of fluorophore-labeled monomers[34] followed by optical
read-out. Either approach should be suitable for multiplex-
ing, based on microarrays. Primer extension might also
become important for template-directed assembly of new
functional nucleic acids in a designable, sequence-specific
fashion.[35] The active site created with downstream-binding
oligonucleotides, such as 14, should be more accommodating
for chemical modifications, so that primer-extension reac-
tions may be performed with modified monomers that are
difficult to process by polymerases.[36] Experiments aimed at
developing improved caps for the three-strand system are
currently under way in our laboratories.

Conclusion

In conclusion, we have shown how small molecule appen-
dages at the termini of templates can accelerate primer-ex-
tension reactions and increase their sequence fidelity. Termi-
nal base pairs are otherwise difficult to replicate,[26a] and our
results foster hopes that chemical replication from mono-
mers can be realized. We propose a three-state model that
helps to explain the unexpected activity of the stilbene car-
boxamide cap. This model also suggests a way of screening
for caps that favor primer extension based on oligonucleo-
tide duplexes. A good cap should increase the melting point
of the full length duplex, but should have little effect on the
melting point of a duplex that lacks the 3’-terminal residue
of the target strand. If it shows these features, it should not
block the reaction site and favor rapid and high yielding
primer-extension steps.

Experimental Section

Abbreviations : chl, cholic acid residue; cpg, controlled pore glass; DIEA,
N,N-diisopropylethylamine; dmf, N,N-dimethylformamidino group;
DMF, N,N-dimethylformamide; HBTU, O-benzotriazol-1-yl-N,N,N’,N’-
tetramethyluronium hexafluorophosphate; HEPES, 4-(2-hydroxyethyl)-
piperazin-1-ethansulfonic acid; HOBt, 1-hydroxybenzotriazole; MALDI-
TOF MS, matrix-assisted laser desorption ionization–time of flight mass
spectrometry; N*, 5’-amino-2’,5’-dideoxynucleotide residue (N=

A,C,G,T); OA, oxolinic acid residue; Pp, pyrenylmethylpyrrolidinol cap;
Py, pyrenebutyric acid residue; St, stilbene cap; THAP, 2,4,6-trihydroxya-
cetophenone; TMS, trimethoxystilbene cap.

General methods : Reagents were obtained from Acros (Geel, Belgium),
Aldrich/Fluka/Sigma (Deisenhofen, Germany) or Merck (Darmstadt,
Germany), unless otherwise noted and were used without further purifi-

cation. HOBt and HBTU were from Advanced ChemTech (Louisville,
KY). Phosphoramidites (dABz, dCBz, T, dGdmf) and reagents for DNA
synthesis were from Proligo (Hamburg, Germany), except for dGdmf-
loaded controlled pore glass (cpg), which was from ABI (Warrington,
UK). Phosphoramidites of modified nucleosides or caps used in this
work, namely phosphoramidites of 5’-amino-2’,5’-dideoxynucleosides
(N*),[9,37–40] stilbene phosphoramidites[20] and pyrenemetylpyrrolidonol
phosphoramidite[9] were prepared as previously reported. The 5’-acylami-
dooligonucleotides (2a, c, t ; 3a, c, t), phosphoramidates (11a–t), primer
(9) and 2-methylimidazolides (10a–t) were prepared as described previ-
ously.[11]

DNA synthesis : Oligonucleotides were prepared on a 1 mmol scale in
polypropylene reaction chambers for DNA synthesis (Prime Synthesis,
Aston, PA) on an 8909 Expedite DNA synthesizer from Perseptive Bio-
systems. b-Cyanoethyl phosphoramidites were employed as building
blocks, following the recommendations of the manufacturer. Oligonu-
cleotides were purified on Nucleosil 120-5 reversed phase C4 (modified
oligonucleotides) and C18 (unmodified oligonucleotides) HPLC columns
(both 250Q4.6; Macherey–Nagel, D?ren, Germany) with a gradient of
MeCN (solvent B) in 0.1m triethylammonium acetate (pH 7.0) (solvent
A) at a flow rate of 1 mLmin�1 and detection at 260 nm. Yields of oligo-
nucleotides are based on the integration of the HPLC traces of crudes,
without correction for the absorbance of the solvent front. Stock solu-
tions of single-stranded oligonucleotide were prepared based on UV
measurements, using calculated extinction coefficients for oligonucleo-
tides generated by adding the extinctions of nucleotides and the caps.

MALDI-TOF mass spectrometry : MALDI-TOF mass spectra were ac-
quired on a Bruker REFLEX IV spectrometer featuring a nitrogen laser
(l=337 nm) and software XACQ 4.0.4 and XTOF 5.1.0. Spectra were ac-
quired in negative, linear mode at a total extraction voltage of 20,
18.6 kV delayed extraction (on IS2), 9.6 kV lens and 1.55 kV detector
voltage. Each spectrum consisted of the sum of the signal from 150 to
300 shots at a repetition rate of 1–3 Hz. The MALDI matrix mixtures for
oligonucleotides was THAP (0.3m in EtOH) and diammonium tartrate
(0.1m in water) (2:1, v/v). Calculated masses are average masses, m/z
found are those for the unresolved pseudomolecular ion peaks
([M�H]�). The accuracy of mass determination with the external calibra-
tion used is approximately �0.1%.

General protocol A—Cleavage of oligonucleotides from solid support :
The cpg loaded with the oligonucleotide was briefly dried (0.1 Torr), and
treated with ammonium hydroxide (sat. aqueous NH3, 150 mL per 5 mg
cpg) in a polypropylene vessel. After 16 h at RT, excess ammonia was re-
moved with a gentle stream of compressed air for 1 h. The supernatant
was aspired, and the solid support was washed with water (2Q200 mL).
The combined aqueous solutions were filtered (0.2 mm pore size) and
used directly for HPLC purification.

General protocol B—Coupling of modified phosphoramidites on solid
support : The cpg loaded with the unmodified portion of the oligonucleo-
tide (5 mg, approx. 0.2 mmol DNA) was dried at 0.1 Torr for 3 h in a poly-
propylene vial. A solution of the modified phosphoramidite (0.16 to 1m
in MeCN, 150 mL) and 1H-tetrazole (0.5m in MeCN, 150 mL) were added
under argon and the mixture was shaken for 30 min. The supernatant
was aspired and the solid support was washed with MeCN (2Q1 mL).
After drying at 0.1 Torr for 1 h the coupling reaction was repeated once
before standard oxidation.

General protocol C—Acetylation on solid support : The following proto-
col is for the final step of the assembly of Ac-G*ACGTGCG (2g) and is
representative. The acetylation step of the 5’-amino terminated oligonu-
cleotide, prepared with the phosphoramidite of 5’-amino-2’,5’-dideoxy-
guanosine[40] (GP B) was performed on the support with the “capping”
reaction mixture for DNA synthesis. A mixture of acetic anhydride/2,6-
lutidine/THF (“cap A”, 0.5 mL 1:1:8) and DMAP/pyridine (“cap B”,
0.5 mL, 6.5% w/v) (1:1 v/v) was added to the amino terminal oligonucle-
otide chain on cpg, and the mixture was shaken for 10 min. The superna-
tant was aspired and the support was washed with acetonitrile (2Q
2.5 mL), followed by drying at 0.1 Torr. Cleavage from solid support fol-
lowed GP A.
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General protocol D—Amide coupling on solid support : A mixture of the
corresponding carboxylic acid (100 mmol), HOBt (13.5 mg, 100 mmol) and
HBTU (34.1 mg, 90 mmol) was dried at 0.1 Torr, dissolved in DMF
(600 mL) and treated with DIEA (40 mL, 230 mmol). After 10 min, the re-
sulting solution was injected into a polypropylene reaction chamber for
DNA synthesis containing the cpg-bound 5’-amino terminated DNA
(5 mg, approx. 0.2 mmol DNA), prepared by GP B, with the aid of two sy-
ringes. After 45 min, the solid support was rinsed with DMF (2 mL),
washed with MeCN (3Q2 mL) and dried in vacuo. 5’-Acylamidooligonu-
cleotides were cleaved from solid support following GP A.

Ac-G*ACGTGCG (2g): Prepared by GP C; MALDI-TOF MS: calcd for
[M�H]� : 2491.7, found 2492.4; HPLC: C18, gradient: 0% B for 5 min, to
17% B in 40 min, elution after 40 min; yield: 24%.

chl-G*ACGTGCG (3g): Prepared by GP D; MALDI-TOF MS: calcd
for [M�H]� : 2840.2, found 2839.3; HPLC: C4, gradient: 0% B for 5 min,
to 34% B in 40 min, elution after 34 min; yield: 24%.

Py-G*ACGTGCG (4g): Prepared by GP D; MALDI-TOF MS: calcd for
[M�H]� : 2720.0, found 2720.7; HPLC: C4, gradient: 0% B for 5 min, to
34% B in 40 min, elution after 42 min; yield: 18%.

Py-A*ACGTGCG (4a): Prepared by GP D; MALDI-TOF MS: calcd for
[M�H]� : 2704.0, found 2706.0; HPLC: C4, gradient: 0% B for 5 min, to
34% B in 40 min, elution after 45 min; yield: 57%.

Py-T*ACGTGCG (4t): Prepared by GP D; MALDI-TOF MS: calcd for
[M�H]� : 2695.0, found 2695.4; HPLC: C4, gradient: 0% B for 5 min, to
34% B in 40 min, elution after 38 min; yield: 32%.

Py-C*ACGTGCG (4c): Prepared by GP D; MALDI-TOF MS: calcd for
[M�H]� : 2680.0, found 2682.1; HPLC: C4, gradient: 0% B for 5 min, to
34% B in 40 min, elution after 38 min; yield: 66%.

St-GACGTGCG (5g): Prepared by GP B, A; MALDI-TOF MS: calcd
for [M�H]� : 2793.0, found 2794.2; HPLC: C4, gradient: 0% B for 5 min,
to 28% B in 40 min, elution after 35 min; yield: 78%.

St-AACGTGCG (5a): Prepared by GP B, A; MALDI-TOF MS: calcd
for [M�H]� : 2777.0, found 2778.9; HPLC: C4, gradient: 0% B for 5 min,
to 26% B in 40 min, elution after 36 min; yield: 90%.

St-TACGTGCG (5 t): Prepared by GP B, A; MALDI-TOF MS: calcd for
[M�H]� : 2768.0, found 2766.3; HPLC: C4, gradient: 0% B for 5 min, to
24% B in 40 min, elution after 42 min; yield: 92%.

St-CACGTGCG (5c): Prepared by GP B, A; MALDI-TOF MS: calcd
for [M�H]� : 2753.0, found 2751.5; HPLC: C4, gradient: 0% B for 5 min,
to 23% B in 40 min, elution after 31 min; yield: 72%.

TMS-GACGTGCG (6g): Prepared by GP B, A; MALDI-TOF MS:
calcd for [M�H]� : 2883.0, found 2883.7; HPLC: C4, gradient: 0% B for
5 min, to 24% B in 45 min, elution after 39 min; yield: 64%.

TMS-AACGTGCG (6a): Prepared by GP B, A; MALDI-TOF MS:
calcd for [M�H]� : 2867.0, found 2866.7; HPLC: C4, gradient: 0% B for
5 min, to 28% B in 30 min, elution after 26 min; yield: 76%.

TMS-TACGTGCG (6t): Prepared by GP B, A; MALDI-TOF MS: calcd
for [M�H]� : 2858.0, found 2859.7; HPLC: C4, gradient: 0% B for 5 min,
to 24% B in 45 min, elution after 43 min; yield: 80%.

TMS-CACGTGCG (6c): Prepared by GP B, A; MALDI-TOF MS: calcd
for [M�H]� : 2843.0, found 2844.9; HPLC: C4, gradient: 0% B for 5 min,
to 24% B in 45 min, elution after 35 min; yield: 85%.

OA-T*-GACGTGCG (7g): Prepared by GP D; MALDI-TOF MS: calcd
for [M�H]� : 2996.1, found 2993.7; HPLC: C4, gradient: 0% B for 5 min,
to 27% B in 40 min, elution after 33 min; yield: 70%.

OA-T*-AACGTGCG (7a): Prepared by GP D; MALDI-TOF MS: calcd
for [M�H]� : 2980.1, found 2980.0; HPLC: C4, gradient: 0% B for 5 min,
to 27% B in 40 min, elution after 32 min; yield: 70%.

OA-T*-TACGTGCG (7t): Prepared by GP D; MALDI-TOF MS: calcd
for [M�H]� : 2971.1, found 2970.0; HPLC: C4, gradient: 0% B for 5 min,
to 26% B in 40 min, elution after 32 min; yield: 71%.

OA-T*-CACGTGCG (7c): Prepared by GP D; MALDI-TOF MS: calcd
for [M�H]� : 2956.1, found 2953.0; HPLC: C4, gradient: 0% B for 5 min,
to 25% B in 40 min, elution after 32 min; yield: 69%.

Pp-GATTCCAG (14): Prepared by GP B, A; MALDI-TOF MS: calcd
for [M�H]� : 2772.0, found 2772.3, 2557.9 [M�PyCH2�H]� ; HPLC: C4,
gradient: 0% B for 5 min, to 25% B in 45 min, elution after 38 min;
yield: 78%.

Primer-extension assay : The procedure employed was similar to the one
reported earlier.[11] Briefly, aqueous solutions of primer 9 (1.8 nmol) and
the corresponding template (1a–t to 8a–t, 1.8 nmol) or template plus
downstream-binding strand (12a,g and 13 or 14, 1.8 nmol each) were
added to a polypropylene vial (volumes of individual aliquots were be-
tween 0.5 and 2.5 mL). Then, aliquots of stock solutions of NaCl (2 mmol)
and MgCl2 (0.4 mmol) were added, and the resulting solution was lyophi-
lized to dryness. A freshly prepared solution of the four 2-methylimidazo-
lides (10a–t, 20 mm each) in a buffer of HEPES (0.2m, pH 7.9, 5 mL) was
added to the residue and the mixture vortexed for 15 s. The reaction was
allowed to proceed while the vial was immersed in a water bath at 20 8C.
Aliquots (0.3 mL) were withdrawn at stated intervals, diluted 100-fold
with a deionized water treated with beads of ammonium form of Dowex
50W X4, 50–100 mesh cation-exchange resin, the slurry was vortexed for
15 s, and stored under liquid nitrogen before being used for MALDI-
TOF MS analysis. For mass spectra, samples (0.5 mL) of the supernatant
were mixed with the matrix/comatrix mixture (THAP, 0.3m in ethanol
and diammonium tartrate; 0.1m in water; 2:1, v/v, 0.5 mL) containing T12

as an internal standard. Spectra were acquired until at least 5000 ion
counts were accumulated for the most prominent peak of spectra. For
each reaction, 10–12 time points were chosen and three mass spectra ac-
quired per time point. Peak heights over extrapolated background, rela-
tive to the internal standard were measured in each mass spectrum.

Kinetic analysis : The kinetic analysis was similar to that described earli-
er.[11] Pseudo first-order rate constants were obtained by fitting a mono-
exponential to the experimental data. Rate constants for individual incor-
poration of the four competing monomers were derived by fitting two pa-
rameters: an exponential factor representing the rate constant and a pre-
exponential factor giving the fraction of product being formed. Second-
order rate constants were calculated via dividing the pseudo first-order
rate constant for formation of the extended primers by the concentration
of the activated monomer. The rate constants for the control reactions
given in Table 1 are representative second-order rate constants (in
[h�1

m
�1]). The complex of oligonucleotides was treated as one and the re-

spective monomer as the other reactant. Relative rate constants reported
are based exclusively on experiments performed in parallel, and absolute
rate constants of the control reactions tested might vary slightly (approx.
�10%) from those reported earlier.[11] Formulae used for the kinetic
analysis are given in the Supplementary Information. Fits were obtained
by using the program “Slide Write Plus” for Windows, version 3.0.

Acknowledgements

The authors wish to thank Annette Hochgesand for help with the synthe-
ses of stilbenes and Professor Ulrich Steiner (University of Konstanz),
Dr. Patrizia Hagenbuch and Stephanie Vogel for insightful discussions.
This work was supported by DFG (grant No. 1063/1-3) and Fonds der
Chemischen Industrie (project 164431).

[1] K. B. Mullis, Angew. Chem. 1994, 106, 1271–1276; Angew. Chem.
Int. Ed. Engl. 1994, 33, 1209–1213.

[2] F. Sanger, S. Nicklen, A. R. Coulson, Proc. Natl. Acad. Sci. USA
1977, 74, 5463–5467.

[3] K. H. Buetow, M. Edmonson, R. MacDonald, R. Clifford, P. Yip, J.
Kelley, D. P. Little, R. Strausberg, H. Koester, C. R. Cantor, A.
Braun, Proc. Natl. Acad. Sci. USA 2001, 98, 581–584.

[4] T. A. Kunkel, K. Bebenek, Annu. Rev. Biochem. 2000, 69, 497–529.
[5] U. H?bscher, G. Maga, S. Spadari, Annu. Rev. Biochem. 2002, 71,

133–163.
[6] L. A. Loeb, T. A. Kunkel, Annu. Rev. Biochem. 1982, 52, 429–457.

www.chemeurj.org F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 2472 – 24812480

C. Richert and J. A. Rojas St?tz

www.chemeurj.org


[7] Y. Kyojoku, R. C. Lord, A. Rich, Biochim. Biophys. Acta 1969, 179,
10–17.

[8] C. F. Bleczinski, C. Richert, J. Am. Chem. Soc. 1999, 121, 10889–
10894.

[9] S. Narayanan, J. Gall, C. Richert, Nucleic Acids Res. 2004, 32, 2901–
2911.

[10] P. Hagenbuch, E. Kervio, A. Hochgesand, U. Plutowski, C. Richert,
Angew. Chem. 2005, 117, 6746–6750; Angew. Chem. Int. Ed. 2005,
44,6588–6592.

[11] J. A. Rojas St?tz, C. Richert, J. Am. Chem. Soc. 2001, 123, 12718–
12719.

[12] T. Inoue, L. E. Orgel, J. Am. Chem. Soc. 1981, 103, 7666–7667.
[13] L. E. Orgel, Crit. Rev. Biochem. Mol. Biol. 2004, 39, 99–123.
[14] Selected references: a) G. F. Joyce, T. Inoue, L. E. Orgel, J. Mol.

Biol. 1984, 176, 279–306; b) A. Kanavarioti, C. F. Bernasconi, D. J.
Alberas, E. E. Baird, J. Am. Chem. Soc. 1993, 115, 8537–8546; c) M.
Kurz, K. Gçbel, C. Hartel, M. W. Gçbel, Angew. Chem. 1997, 109,
873–876; Angew. Chem. Int. Ed. Engl. 1997, 36, 842–845; d) J. C.
Chaput, C. Switzer, J. Am. Chem. Soc. 2000, 122, 12866–12867.

[15] I. A. Kozlov, L. E. Orgel, Mol. Biol. 2000, 34, 781–789.
[16] A. Kanavarioti, M. W. Stronach, R. J. Ketner, T. B. Hurley, J. Org.

Chem. 1995, 60, 632–637.
[17] D. Sarracino, C. Richert, Bioorg. Med. Chem. Lett. 1996, 6, 2543–

2548.
[18] K. M. Guckian, B. A. Schweitzer, R. X. F. Ren, C. J. Sheils, P. L.

Paris, D. C. Tahamassebi, E. T. Kool, J. Am. Chem. Soc. 1996, 118,
8182–8183.

[19] Selected references: a) N. E. Geactinov, T. Prusik, J. M. Khosrofian,
J. Am. Chem. Soc. 1976, 98, 6444–6452; b) T. J. Matray, E. T. Kool,
Nature 1999, 399, 704–708; c) U. B. Christensen, E. B. Pedersen, Nu-
cleic Acids Res. 2002, 30, 4918–4925; d) M. Rist, N. Amann, H.-A.
Wagenknecht, Eur. J. Org. Chem. 2003, 2498–2504; e) S. Smirnov,
T. J. Matray, E. T. Kool, C. de los Santos, Nucleic Acids Res. 2002,
30, 5561–5569; f) A. Okamoto, K. Kanatani, I. Saito, J. Am. Chem.
Soc. 2004, 126, 4820–4827; g) T. Kottysch, C. Ahlborn, F. Brotzel, C.
Richert, Chem. Eur. J. 2004, 10, 4017–4028.

[20] Z. Dogan, R. Paulini, J. A. Rojas St?tz, S. Narayanan, C. Richert, J.
Am. Chem. Soc. 2004, 126, 4762–4763.

[21] a) F. D. Lewis, T. Wu, Y. Zhang, R. L. Letsinger, S. R. Greenfield,
M. R. Wasielewski, Science 1997, 277, 673–676; b) F. D. Lewis, X.
Liu, Y. Wu, S. E. Miller, M. R. Wasielewski, R. L. Letsinger, R. Sa-
nishvili, A. Joachimiak, V. Tereshko, M. Egli, J. Am. Chem. Soc.
1999, 121, 9905–9906; c) F. D. Lewis, T. F. Wu, X. Y. Liu, R. L. Let-
singer, S. R. Greenfield, S. E. Miller, M. R. Wasielewski, J. Am.

Chem. Soc. 2000, 122, 2889–2902; d) F. D. Lewis, L. Xiaoyang, J.
Liu, R. T. Hayes, M. R. Wasielewski, J. Am. Chem. Soc. 2000, 122,
12037–12038; e) F. D. Lewis, Y. Wu, X. Liu, J. Am. Chem. Soc.
2002, 124, 12165–12173; f) F. D. Lewis, X. Liu, Y. Wu, X. Zuo, J.
Am. Chem. Soc. 2003, 125, 12729–12731.

[22] J. Tuma, R. Paulini, J. A. Rojas St?tz, C. Richert, Biochemistry 2004,
43, 15680–15687.

[23] J. Tuma, W. H. Connors, D. H. Stitelman, C. Richert, J. Am. Chem.
Soc. 2002, 124, 4236–4246.

[24] J. Tuma, C. Richert, Biochemistry 2003, 42, 8957–8965.
[25] A. Kanavarioti, C. F. Bernasconi, E. E. Baird, J. Am. Chem. Soc.

1998, 120, 8575–8581.
[26] a) M. Hey, C. Hartel, M. W. Gçbel, Helv. Chim. Acta 2003, 86, 844–

854; b) T. Wu, L. E. Orgel, J. Am. Chem. Soc. 1992, 114, 317–322;
c) T. Wu, L. E. Orgel, J. Am. Chem. Soc. 1992, 114, 7963–7969.

[27] S. Doublie, S. Tabor, A. M. Long, C. C. Richardson, T. Ellenberger,
Nature 1998, 391, 251–258.

[28] J. C. Morales, E. T. Kool, Nat. Struct. Biol. 1998, 5, 950–954.
[29] N. C. Seeman, J. M. Rosenberg, A. Rich, Proc. Natl. Acad. Sci. USA

1976, 73, 804–808.
[30] M. J. Guo, S. Hildbrand, C. J. Leumann, L. W. McLaughlin, M. J.

Waring, Nucleic Acids Res. 1998, 26, 1863–1869.
[31] X. Wu, G. Delgado, R. Krishnamurthy, A. Eschenmoser, Org. Lett.

2002, 4, 1283–1286.
[32] A. J. Hager, J. D. Pollard, J. W. Szostak, Chem. Biol. 1996, 3, 717–

725.
[33] J. Tost, I. G. Gut, Mass Spectrom. Rev. 2002, 21, 388–418.
[34] N. Griesang, E. Kervio, C. Richert, Synthesis 2005, published online

14 July.
[35] X. Li, D. R. Liu, Angew. Chem. 2004, 116, 4956–4979; Angew.

Chem. Int. Ed. 2004, 43, 4848–4870.
[36] a) D. Summerer, A. Marx, Angew. Chem. 2001, 113, 3806–3808;

Angew. Chem. Int. Ed. 2001, 40, 3693–3695; b) I. Detmer, D. Sum-
merer, A. Marx, Eur. J. Org. Chem. 2003, 1837–1846.

[37] M. Mag, J. W. Engels, Nucleic Acids Res. 1989, 17, 5973–5988.
[38] C. N. Tetzlaff, I. Schwope, C. F. Bleczinski, J. A. Steinberg, C. Ri-

chert, Tetrahedron Lett. 1998, 39, 4215–4218.
[39] A. A. Mokhir, C. N. Tetzlaff, S. Herzberger, A. Mosbacher, C. Ri-

chert, J. Comb. Chem. 2001, 3, 374–386.
[40] J. A. Rojas St?tz, C. Richert, Tetrahedron Lett. 2004, 45, 509–513.

Received: August 18, 2005
Published online: January 10, 2006

Chem. Eur. J. 2006, 12, 2472 – 2481 F 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 2481

FULL PAPERPrimer-Extension Reactions

www.chemeurj.org

