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T

he capability of DNA polymerases to accept modified 2′deoxynucleoside triphosphates (dNTPs) is exploited in many
important biotechnological applications. These include next-generation sequencing approaches (1–3), single molecule sequencing
(4), labeling of DNA and PCR amplificates, e.g., for microarray
analysis (5–8), DNA conjugation (9), or the in vitro selection of
ligands such as aptamers by SELEX (systematic enrichment of
ligands by exponential amplification) (10). Furthermore, utilizing
the intrinsic properties of DNA in combination with chemically
introduced functionalities provides an entry to new classes of
nucleic acids-based hybrid materials (9). In most cases the dNTP
modifications were introduced to the nucleobase. In cases where
pyrimidines are employed the modifications are almost exclusively at the C5 position to avoid disturbing of Watson–Crick base
pairing ability (11–20). In addition, the C5 modification is well
accommodated into the major groove of DNA without perturbing
the DNA structure. Mainly C5 alkyne modified dNTPs are used
because they are accessible via metal mediated cross coupling
reactions (21–23) in a straightforward manner. While many C5
modified dNTP analogs are already applied, because they are
processed by DNA polymerases at least to some extent, it is still
unpredictable which modification will be accepted (8, 11–23) because the detailed molecular mechanism by which C5 modifications are accepted by a DNA polymerase is not at all understood.
This is largely due to the absence of suitable structural data.
Here, we present unique crystal structures of a DNA polymerase caught while processing two different C5 modified dNTPs,
respectively. The large fragment of Thermus aquaticus (Taq)
www.pnas.org/cgi/doi/10.1073/pnas.1013804107

Results
Single Nucleotide Incorporation of C5 Modified dNTPs. To investigate
the acceptance of the modified nucleotides by KlenTaq primer
extension studies of single nucleotide incorporation opposite a
templating dA was conducted with dTTP and the two modified
thymidine analogs in a time-dependent manner. The reaction
products of the modified dTR TP migrate slower than the elongated primer in the presence of dTTP in denaturing polyacrylamide gel electrophoresis (PAGE) due to the additional bulk
of the modification (Fig. 1B). Similar effects have been reported
before (17, 22, 23). Interestingly, these experiments (Fig. 1B)
show the preferential incorporation of the sterically more demanding dTdend TP compared to dTspin TP. The competition
experiment, which is performed in present of the two modified
triphosphates with an increasing ratio of dTspin TP, shows more
obviously that KlenTaq favors dTdend TP over dTspin TP (Fig. 1C).
Quantification of these findings by pre-steady-state kinetics
confirmed that indeed dTdend TP is about 20 times more efficiently (kpol ∕K D ) incorporated compared to dTspin TP (Table 1
and Figs. S1 and S2). Interestingly, the smaller dTspin TP shows
higher binding affinity (apparent K D ) to the enzyme as compared
to dTdend TP, whereas its incorporation rate (kpol ) is significantly
more impaired.
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DNA polymerase (in short KlenTaq, N-terminally truncated form
of Taq polymerase) was chosen as the target because this enzyme
class is heavily employed and well characterized on a functional
and structural level (24–31). We compared two dNTP analogs—
namely dTspin TP and dTdend TP (Fig. 1A). It was already shown
that these nucleotides are able to replace natural dTTP in DNA
polymerase-catalyzed reactions (22, 23). In the case of dTspin TP,
the nitroxide modification is attached to the C5 position of the
nucleobase via a rigid and short acetylene linker that is to ensure
direct monitoring of DNA dynamics by EPR (electron paramagnetic resonance) spectroscopy. The dendron-modified substrate
dTdend TP is a flexible and sterically demanding modification.
The branched architecture that is connected to the nucleobase
via a propargylamide linker is considered to explore the size limits
of modifications tolerated by DNA polymerases and to introduce
multiple functional groups in a single incorporation step. In this
study we employed these analogs as models for C5 modified
dNTPs because their structure resembles those dNTPs used for
other purposes.

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY

Numerous 2′-deoxynucleoside triphosphates (dNTPs) that are functionalized with spacious modifications such as dyes and affinity
tags like biotin are substrates for DNA polymerases. They are
widely employed in many cutting-edge technologies like advanced
DNA sequencing approaches, microarrays, and single molecule
techniques. Modifications attached to the nucleobase are accepted
by many DNA polymerases, and thus, dNTPs bearing nucleobase
modifications are predominantly employed. When pyrimidines
are used the modifications are almost exclusively at the C5 position
to avoid disturbing of Watson–Crick base pairing ability. However,
the detailed molecular mechanism by which C5 modifications are
processed by a DNA polymerase is poorly understood. Here, we
present the first crystal structures of a DNA polymerase from
Thermus aquaticus processing two C5 modified substrates that
are accepted by the enzyme with different efficiencies. The structures were obtained as ternary complex of the enzyme bound
to primer/template duplex with the respective modified dNTP in
position poised for catalysis leading to incorporation. Thus, the
study provides insights into the incorporation mechanism of the
modified nucleotides elucidating how bulky modifications are
accepted by the enzyme. The structures show a varied degree of
perturbation of the enzyme substrate complexes depending on the
nature of the modifications suggesting design principles for future
developments of modified substrates for DNA polymerases.

3′-terminus (26, 28). This interaction is exclusively observed in
the closed conformation and may act as a clamp between the finger domain and the bound DNA duplex (26, 28). The interaction
of Arg660 with the primer 3′-terminus is hindered by the rigid
nitroxide modification connected to the nucleobase and thereby
prevents the stabilization of the closed conformation. As a result
of the loss of the hydrogen-bonding interaction, Arg660 shows a
high flexibility (B-factor of the amino acide side chain is 81 Å2 ),
and the O helix is slightly shifted (Fig. S6). The missing clamp,
between the finger domain and the primer/template duplex, may
account for the observed 2,500-fold decrease in incorporation
efficiency of dTspin TP compared with the natural dTTP.

dTspin TP

dTdend TP

Fig. 1. Comparison of
and
in single incorporation experiments. (A) Chemical structure of dTspin TP and dTdend TP. (B) Single nucleotide
incorporation of dTR TP for 5, 10, 30, 60, 120, 180, or 300 sec, respectively,
using KlenTaq. The respective dTR TP is indicated. In each case, the first lane
shows the labeled primer. (C) Competition experiment: single nucleotide
incorporation in presence of dTspin TP and dTdend TP. The ratio of dTspin TP∕
dTdend TP was varied from 1∕1 to 100∕1 (1∕1, 2∕1, 4∕1, 10∕1, 20∕1, 50∕1,
100∕1). The first lane shows the labeled primer.

Structure of KlenTaq in Complex with DNA and C5 Modified dNTP. To
reveal the structural basis for the ability of DNA polymerases to
process an artificial substrate we crystallized KlenTaq as ternary
complex bound to a primer/template duplex and a respective C5
modified triphosphate in the incoming position. The crystals were
obtained by a strategy previously used for KlenTaq bound to unmodified substrates (24–26, 28). By incorporation of ddCMP at
the primer terminus a primer/template duplex lacking a 3′-terminal hydroxyl group is formed to terminate the primer extension
reaction. The structures were solved by difference Fourier techniques and provide snapshots of incorporation of C5 alkyne modified triphosphates at resolutions of 1.9–2.0 Å (Table S1).
Structure of KlenTaq in Complex with DNA and dTspin TP. KlenTaq in
complex with spin-labeled triphosphate dTspin TP (henceforth
termed KlenTaqspin ) adopted an overall conformation very similar to the one in a ternary complex of the enzyme bound to DNA
and ddTTP (PDB ID: 1QTM, henceforth termed KlenTaq1QTM )
described earlier (rmsd for Cα 0.392 Å, Fig. S3A and Fig. S4).
In KlenTaq1QTM ddTTP was bound to the active site due to
the applied crystallization strategy (24–26, 28). A zoom into the
active site shows that the dTspin TP is located opposite to adenine
of the template strand, forming Watson–Crick base pairing interactions to the templating base (Fig. 2A) and undergoes π stacking
interactions to the 3′-terminus of the primer strand (Fig. S5). The
distance from the primer 3′-terminus to the α-phosphate of
dTspin TP is slightly larger (0.5 Å) than the one in KlenTaq1QTM
(Fig. 2C). Furthermore, the O helix of the finger domain packs
against the nascent base pair forming an active and closed complex similar as with ddTTP. However, Arg660, located at the
N terminus of the O helix, shows a different orientation than
in KlenTaq1QTM and is positioned in a way to make room for
the nitroxide modification (Fig. 2). Arg660 has been suggested
to stabilize the closed and active conformation via hydrogenbonding interaction to the phosphate backbone of the primer
Table 1. Transient kinetic parameters for nucleotide incorporation
by KlenTaq wild type
dTR TP
dTTP
dTspin TP
dTdend TP

K D [μM]

kpol [s−1 ]

25.0 ± 3.1
174 ± 18
381 ± 30

8.80 ± 0.34
0.02*
0.98 ± 0.03

kpol ∕K D [M−1 * s−1 ]
352000
132
2572

*The s.d. in multiple experiments were below significance.
†
Rel. eff.: relative efficiency; efficiency: kpol ∕K D .
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Rel. eff.†
1
1∕2500
1∕137

Structure of KlenTaq in Complex with DNA and dTdend TP. The structure of KlenTaq in complex with primer/template duplex and
dendron-modified triphosphate dTdend TP (henceforth termed
KlenTaqdend ) was determined with a resolution of 1.9 Å. In
comparison with KlenTaq1QTM the overall conformation of
KlenTaqdend is very similar, resulting in a low rmsd for Cα
0.250 Å (Fig. 4 and Fig. S3B). The dTdend TP is captured in
the active site waiting for insertion (Fig. 3A). We observe a closed
and active complex very similar to KlenTaq1QTM and KlenTaqspin
(Fig. 3B). The same stabilizing factors that are described above
such as Watson–Crick base pairing and π stacking interaction
are observed (Fig. S5). Even the distance from the primer 3′-terminus to the α-phosphate of the dTdend TP is similar to the
observed distance in KlenTaq1QTM (Fig. 3C). Only partial electron density could be observed for the dendron structure due
to the high flexibility of the entity (Fig. 3D and Fig. S4). The rigid
propargylamide linkage is well defined, whereas the two flexible
branches of the dendron are located outside the active site
(Fig. 4). To some extent, one branch reaches in the major groove
of the primer/template duplex, indicated by some electron density
in this region. The zoom into the active site shows that the finger
domain by the O helix packs against the nascent base pair, resulting in a complex poised for catalysis (Fig. S7). Interestingly, in this
case the amino acid Arg660 interacts with the phosphate-backbone of the primer 3′-terminus as well as with amide functionality
of the propargylamide linkage. Although the described interaction pattern may stabilize Arg660, we observe a high B-factor
of the amino acid side chain 97 Å2 , indicating that the position
of Arg660 is tenuous. The geometric freedom of Arg660 may
explain the 137-fold reduced incorporation efficiency of
dTdend TP compared to natural dTTP. In addition, the propargylamide linkage is interacting with the phosphate backbone of the
primer 3′-terminus via hydrogen-bonding interactions (Fig. 3).
Furthermore, we observe a second hydrogen bond formed
between the carbonyl group of an amide in the dendron moiety
and the nucleobase of the primer 3′-terminus (Fig. 3D). These
hydrogen-bonding interactions might support a nucleotide position and conformation better suited for incorporation compared
to dTspin TP and more similar to dTTP.

Discussion
Hitherto, structural data of DNA polymerases processing C5
modified pyrimidines that could serve as a guide for structure design of suitable nucleotide modifications was lacking. We present
two crystal structures of KlenTaq processing differently modified
nucleotide analogs. The protein structures in KlenTaqspin and
KlenTaqdend exhibit the incoming nucleotide in a position poised
for catalysis similar to the structures reported for KlenTaq bound
to primer/template and a nucleotide with natural nucleobase
(26, 28). Only subtle differences in terms of alignment of the
incoming nucleotides, magnesium ions, and water molecules are
observed (Fig. S7). This suggests that the enzyme follows similar
mechanisms to promote catalysis. However, the structures mainly
differ in the position of amino acid side chain Arg660. In
KlenTaqspin the modified dTspin TP obviates Arg660 to undergo
Obeid et al.

Fig. 2. Structure of KlenTaq in complex with
dTspin TP (KlenT aqspin ). (A) The close-up view of
KlenT aqspin (blue) shows the incoming dTspin TP
(magenta), the O helix with amino acid side chain
R660, the primer and template strand. The dashed
line highlights the Watson–Crick base pairing interactions. (B) Superimposition of KlenT aqspin and KlenTaq (green, PDB: 1QTM) highlights the different
orientation of the amino acid side chain R660. (C)
The distance (shown in dashed lines) of the α-phosphate to the primer 3′-terminus is indicated for
KlenT aqspin . (D) The distance of the α-phosphate
to the primer 3′-terminus (dashed line; 3.5 Å) and
the interaction of R660 with the phosphate-backbone of the primer 3′-terminus is indicated in dashed
line (3.4 Å) for KlenTaq. No such interaction is found
in KlenT aqspin (see C) due to displacement of R660 by
the modification.

Materials and Methods

Single Nucleotide Incorporation Assay. Incorporation opposite dA: 15 μl of the
KlenTaq reactions contained 50 nM primer (5'-GTG GTG CGA AAT TTC TGA
CAG ACA), 75 nM template (5′-GTG CGT CTG TCA TGT CTG TCA GAA ATT TCG
CAC CAC), 200 μM dNTPs in buffer (20 mM Tris HCl pH 7.5, 50 mM NaCl, and
2 mM MgCl2 ) and 200 nM of KlenTaq polymerase. Reaction mixtures were
incubated at 37 °C. Incubation times are provided in the respective figure
legends. Primer was labeled using [γ-32 P]-ATP according to standard techniques. Reactions were stopped by addition of 45 μl stop solution (80% [v∕v]
formamide, 20 mM EDTA, 0.25% [w∕v] bromophenol blue, 0.25% [w∕v]
xylene cyanol) and analyzed by 12% denaturing PAGE. Visualization was
performed by phosphoimaging.
Pre-Steady-State Enzyme Kinetics. The rate of single turnover, single nucleotide incorporation was determined using rapid quench flow kinetics on a chemical quench flow apparatus (RQF-3, KinTek Corp.) as previously described
Fig. 3. Structure of KlenTaq in complex with
dTdend TP (KlenT aqdend ). (A) The close-up view of
KlenT aqdend (orange) shows the incoming dTdend TP
(purple), the O helix with amino acid side chain
R660, the primer and template strand. The interaction network is indicated in dashed lines as well as
the Watson–Crick base pairing interaction between
dTdend TP and adenine of the template strand. R660
is orientated to allow interaction with the primer
3′-terminus. The amine group of the propargylamine-linkage shows an additional interaction to
the primer 3′-terminus. (B) Superimposition of
KlenT aqdend and KlenTaq (green, PDB: 1QTM) highlights the different orientation of the amino acid
side chain R660. (C) The interaction pattern of the
phosphate backbone at the primer 3′-terminus with
R660 and the propargylamide linkage is shown in
dashed lines. The distance of the α-phosphate to
the primer 3′-terminus is 3.7 Å (highlighted in dashed
lines). (D) Interaction network of dTdend TP with the
primer 3′-terminus toward the phosphate backbone
and the nucleobase is indicated with dashed lines.
The final refined model map 2mFo-DFc at 1σ is
shown for dTdend TP.
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Adducted Protein, Nucleotides, and Oligonucleotides. Protein expression
and purification were conducted as described (25–28, 30, 31). Modified
thymidine-5′-triphosphates dTR TPs were synthesized as described previously.
Unmodified dNTPs are commercially available (Roche).
DNA oligonucleotides for enzyme kinetics were synthesized on an
Applied-Biosystems 392 DNA/RNA synthesizer and purified by reversed phase
HPLC (DMT-ON) and afterwards by preparative PAGE on a 12% polyacrylamide gel containing 8 M urea (DMT-OFF). DNA primer oligonucleotides were
labeled with [γ-32 P] ATP using T4 polynucleotide kinase (Fermentas) according to the procedure recommended by the manufacturer.

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY

stabilizing interactions with the primer. In contrast, hydrogenbonding interactions of the enzyme with dTdend TP via the amide
functionality of the propargylamide linker are observed in
KlenTaqdend . The propargylamide linkage as present in dTdend TP
offers the opportunity to stabilize the closed complex poised for
catalysis, which may have beneficial effects on the incorporation
efficiency. Amino acid sequence alignment of several DNA
polymerases that belong to the same sequence family as KlenTaq
(i.e., A-family) discloses that the respective arginine is within
motif B (32) and is conserved in bacteria (Fig. S8). Thus, it is
likely that the depicted mechanism to stabilize the enzyme/
substrate complex applies to other DNA polymerases in this sequence family as well.
The results suggest that the modifications are better tolerated
by a DNA polymerase if they are attached via linkers that have
hydrogen-bonding capability with the enzyme at the depicted
positions. In fact, several examples of dNTPs that are processed
by DNA polymerases and modified via a C5 propargylamide
linker have been reported (1–3, 5, 6, 8, 10–14, 16, 17, 21, 23).
These insights suggest that implementing of functionalities with
hydrogen binding capability at the discussed position in modified
dNTPs may improve their substrate properties. These design
guidelines for the development of new modified dNTPs, in combination with directed evolution of DNA polymerases (33–35),
will spur the development of future applications.

Fig. 4. Structure of KlenT aqdend ternary complex. (A) The overall structure
of KlenT aqdend and the Connolly surface is shown. The incoming dTdend TP is
highlighted in sticks and indicated with a red arrow. (B) The close-up view of
the incoming dTdend TP illustrates that the dendrimer structure is placed in a
cleft between the protein and primer/template duplex.
(36). For reaction times longer than 5 s manual quenching was performed.
In brief, 15 μl of radiolabelled primer/template complex (50 nM) and DNA
polymerase (500 nM) in reaction buffer (RQF buffer, Tris HCl pH 7.5
20 mM, NaCl 50 mM, MgCl2 2 mM) (29) were rapidly mixed with 15 μl of
a dNTP solution in reaction buffer at 37 °C. Quenching was achieved by
0.3M EDTA solution (pH 7.0) at defined time intervals. For the investigation
of dTR TP incorporation a 24 nt primer (5'-GTG GTG CGA AAT TTC TGA CAG
ACA) and a 36 nt template (5′-GTG CGT CTG TCA TGT CTG TCA GAA ATT TCG
CAC CAC) were applied. Quenched samples were analyzed on a 12%
denaturing PAGE followed by phosphor imaging. For kinetic analysis experimental data were fit by nonlinear regression using the program GraphPad
Prism 4. The data were fit to a single exponential equation: ½conversion ¼
A ð1- expð−kobs tÞÞ. The observed catalytic rates (kobs ) were then plotted
against the dNTP concentration used and the data were fitted to a hyperbolic
equation ½kobs  ¼ kcat  ½dNTP∕ðK D þ ½dNTPÞ to determine the apparent K D
and kcat of the incoming nucleotide. The incorporation efficiency is given
by kpol ∕K D. The depicted data derived from double repeated experiments.
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Crystallization and Structure Determination. The closed ternary complexes of
KlenTaq were obtained by incubating KlenTaq in presence of DNA primer
(5′-d(GAC CAC GGC GC)-3′), template (5′-d(AAA AGG CGC CGT GGT C)-3′),
ddCTP and one of the 5-modified dTR TP. Thereby, one ddCMP is incorporated, while the corresponding 5-modified dTR TP is captured in the position
waiting for insertion.
KlenT aqspin : The crystallization was set up using purified KlenTaq
(11 mg∕ml; buffer: 20 mM Tris HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM
β-mercaptoethanol), DNA template/primer duplex, ddCTP and dTspin TP in a
molar ratio of 1∶3∶10∶20 and in presence of 20 mM MgCl2 . The crystallization
solution was mixed in 1∶1 ratio with the reservoir solution 0.05 M Tris HCl, pH
9, 0.2 M NH4 Cl, 0.01 M CaCl2 , and 26% PEG 4000.
KlenT aqdend : The crystallization was set up using purified KlenTaq
(11 mg∕ml; buffer: 20 mM Tris HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM
β-mercaptoethanol), DNA template/primer duplex, ddCTP and dTdend TP in a
molar ratio of 1∶3∶10∶20 and in presence of 20 mM MgCl2 . The crystallization
solution was mixed in 1∶1 ratio with the reservoir solution containing 0.05 M
sodium cacodylate (pH 6.5), 0.2 M NH4 OAc, 0.01 M MgðOAcÞ2 , and 26%
PEG 8000.
Crystals were produced by the hanging drop vapor diffusion method,
equilibrating against 1 ml of the reservoir solution for 5 d at 18 °C. They were
frozen in liquid nitrogen and kept at 100 K during data collection. Data were
measured at the beamline PXIII (X06DA) at the Swiss Light Source of the Paul
Scherrer Institute (PSI) in Villigen, Switzerland, at a wavelength 1.000 Å and
using a Mar225 CCD detector. Data reduction was performed with the XDS
package (37, 38). The structures were solved by difference Fourier techniques
using KlenTaq wild type (PDB 1QTM) as model. Refinement was performed
with PHENIX (39) and model rebuilding was done with COOT (40). The structures were refined to a resolution of 2.0 Å in KlenT aqspin and 1.9 Å in
KlenT aqdend . Both structures were in the same space group P31 21, with cell
dimensions a, b 109.0 Å, c 91.5 Å for KlenT aqspin, and a, b 107.8 Å, c 90.2 Å
for KlenT aqdend, respectively. Figures were made with PyMOL (41). The
Ramachandran statistics for KlenT aqspin show that 91.5% of the residues
are in the most favored regions, 7.9% in additional allowed regions, 0.4%
in generously allowed and 0.2% in disallowed regions as defined PROCHECK
(42). For KlenT aqdend the values are 92.3%, 7.5%, 0%, and 0.2%, respectively.
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