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The integrity of the genome relies primarily on the ability of
DNA polymerases to efficiently catalyze selective DNA
synthesis according to the Watson–Crick rule in a template-
directed manner during DNA replication, repair, and recom-
bination. Remarkably, some DNA polymerases achieve
selective information transfer to the offspring in line with
the Watson–Crick rule with intrinsic error rates as low as one
mistake per one million synthesized nucleotides.[1] This is far
below the value that would be expected based on the
energetic differences between canonical (i.e. Watson–Crick)
and noncanonical nucleobase pairing.[1] Geometric factors are
widely cited to govern DNA polymerase selectivity.[1] Thus,
high-fidelity DNA polymerases are believed to mostly select
the canonical nucleotide based on close steric complemen-
tarity of the nascent base pair to the geometry of the active
site of the enzyme.

Synthetic nucleotide analogues with tailored new proper-
ties are widely used to investigate the mechanisms that govern
DNA polymerase selectivity.[2] In this context nucleotides
with hydrophobic nucleobase isosteres were developed to
study the contribution of hydrogen bonding to DNA poly-
merase selectivity.[1d,e, 3] To investigate the steric effects in
interactions between DNA polymerase and its substrate, we
have developed 4’-alkyl-modified nucleotides with increasing
steric demand.[4] The modifications were introduced in the
sugar residues since structural and functional data of DNA
polymerases show that the sugar residues of nucleotides are
involved in substrate recognition. These interactions may
provide the enzymes with additional paths for achieving
selectivity besides editing nucleobase geometry. Alkyl groups
were employed since their effects on the hydrogen-bonding
patterns and conformations of the nucleotides would be
minimized. By employing these size-augmented nucleotides
in functional DNA polymerase studies we could evaluate
varied steric effects on DNA polymerase selectivity. Herein

we report the first crystal structures of size-augmented 4’-
methylated and 4’-ethylated thymidine triphosphates in com-
plex with a DNA polymerase.

Significant mechanistic insights into nucleotide incorpo-
ration during DNA polymerization were derived from the
high-resolution crystal structures reported by Waksman and
colleagues[5] of KlenTaq, an N-terminally truncated form of
DNA polymerase from Thermus aquaticus.[6] KlenTaq is a
member of the family A DNA polymerases that play a role in
prokaryotic and eukaryotic DNA replication and repair.[7,8]

Since data on the action of KlenTaq on 4’-alkylated thymi-
dine-5’-triphosphates (dTRTPs) is lacking, we first studied
nucleotide incorporation by employing transient kinetic
analysis with quench–flow technology (Table 1). Our data

shows that KlenTaq incorporates the size-augmented nucle-
otides with reduced efficiency (kpol/KD) compared to the
natural counterpart. While KD was reduced by a factor of 4–5,
51- and 67-fold reduction was observed for kpol. Interestingly,
the two nucleotides yielded similar kinetic constants. Thus,
the effect on incorporation efficiency upon introduction of
one additional methylene residue in the natural nucleotide is
far larger than the difference between the methyl and ethyl
modifications. Similar effects were observed in studies of
enzymes from the same sequence family.[4a,f,g]

To determine the structural basis for the processing of
dTRTP by KlenTaq we attempted to obtain crystals of the
enzyme in complex with primer, template, and incoming
dTRTP. Indeed, using a crystallization strategy reminiscent to
one described,[5] we were able to obtain several crystals and
could solve their structures. These structures of the ternary
complexes of KlenTaq with bound dTRTP were obtained by

Table 1: Transient kinetic parameters for nucleotide incorporation by the
KlenTaq wild-type and I614 mutant.

dTRTP KD [mm] kpol [s�1] kpol/KD [m�1*s�1] Rel. eff.[a]

wild-type
dTHTP 25.0�3.1 8.80�0.34 352000 1
dTMeTP 119�20 0.17�0.01 1430 0.0041
dTEtTP 115�16 0.13�0.01 1130 0.0032

I614A
dTHTP 6.83�0.55 13.3�0.3 1950000 1
dTMeTP 10.4�0.8 3.62�0.08 350000 0.18
dTEtTP 4.44�0.37 2.01�0.04 450000 0.23

[a] Rel. eff. : relative efficiency; efficiency: kpol/KD.
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combining the enzyme with an 11nucleotide (nt) primer
strand and a complementary 16nt template, which contained
a 3’-GA-5’ sequence next to the 3’-end of the primer strand, in
the appropriate buffer. Addition of 2’,3’-dideoxycytidine-5’-
triphosphate (ddCTP) and dTRTP results in the extension of
the primer strand and incorporation of 2’,3’-dideoxycytidine-
5’-monophosphate. Since the resulting primer terminus is
devoid of any 3’-OH group of the sugar, further extension is
prevented and the dTRTP was expected to be bound in the
dNTP binding site.

The obtained crystals diffracted to a resolution of 2.0 and
2.2 �, respectively, and the structures were solved by differ-
ence Fourier techniques (for details see Table S1 in the
Supporting Information). The structures provide snapshots of
dTMeTP and dTEtTP incorporation opposite template adenine.

The overall structures of KlenTaq in complex containing
dTMeTP and dTEtTP are very similar to the KlenTaq structure
(PDB code: 1QTM) described earlier[5e] complexed with
ddTHTP (0.34 � and 0.31 � root mean square deviation for
Ca atoms) indicating that the modifications have only little
effect on the overall enzyme conformation (Figure 1a).
Especially in the active site the amino acid backbone shows
only minimal deviations. The same holds true for the primer
and template DNA strand. The DNA is mostly in the B form,
except for the three nucleotide pairs at the end of the duplex
DNA adjacent to the active site, which are in the A form (see

Table S2 in the Supporting Information). The same was
reported in the structures containing nonmodified nucleo-
tides.[5] Interestingly, in the earlier reported structures of
KlenTaq in ternary complexes with a 16nt template the
electron density map allowed modeling of 14 nucleotides
only.[5] In the structures solved in this work the entire
template was resolved. The two 5’-terminal nucleotides of
the template strand point towards the thumb domain of the

polymerase and adopt slightly different orientations in the
two structures (see Figure S1 in the Supporting Information).
The difference electron density maps at the nucleotide
binding site indicated that dTMeTP and dTEtTP are indeed
trapped in the structure. The best fit of the model to the
electron density indicates that the 2’-deoxyribose of the
nucleotides are puckered in the N conformation (Figure 1 b,c)
similar to the structure obtained for ddTHTP (see Figure S2 in
the Supporting Information). Noteworthy, the orientation of
the thymine nucleobase towards the coding adenine and the
triphosphate moiety are similar to data obtained with the
natural nucleotide. Binding of the nucleotide triphosphate by
the enzyme is accompanied with structural reorganizations. In
particular the movement of the O helix was discussed to be
crucial for guiding the incoming nucleotide to the active site
and its closure to promote subsequent catalysis.[10] In the
structures reported here the conformation of the O helices is
similar to that of the reported structure comprising ddTHTP
(see Figure S3 in the Supporting Information).

The data obtained for dTMeTP and dTEtTP indicate that
the closing motion proceed to completion and all components
of the active site are correctly aligned to allow the enzyme to
catalyze formation of the phosphodiester bond (Figure 2).

Similar conformations are found for the structure con-
taining ddTHTP reported earlier.[5] Only subtle differences in
terms of alignment of the incoming nucleotides, magnesium
ions, and water molecules are observed (Figure 2). The
dTMeTP-, dTEtTP-, and ddTHTP-containing structures super-
impose well, suggesting that the enzyme employs similar
mechanistic routes for nucleotide incorporation. However,
our kinetic studies show that the phosphodiester bond to the

Figure 1. Structures of KlenTaq ternary complexes. a) Overall structures
of KlenTaq (ribbon representation) containing primer, template,
dTMeTP (yellow), and dTEtTP (bronze), respectively, superimposed on
the known structure containing ddTHTP (green). The 4’-alkylated
nucleotides are shown as stick models. Close-up views of b) dTMeTP
(C yellow, O red, N blue, P orange) and c) dTEtTP (C bronze) in the
complexes. The structures are superimposed with the final refined
mFo-DFc simulated annealing omit maps at 4s. All figures were
produced using PyMOL.[9]

Figure 2. Close-up views of the primer 3’-end, incoming nucleotide,
and amino acids complexing divalent cations; color code as in
Figure 1b,c. a) Stick model from the structure derived from the ternary
complex of KlenTaq, primer, template, and dTMeTP. Water molecules
(red) and magnesium ions (green) are shown as spheres. b) Same as
in (a) for the ternary complex containing dTEtTP. c) Same as in (a)
using the reported structure containing ddTHTP. d) Superposition of
the structures depicted in (a)—(c) using the color code of Figure 1a.
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incoming dTRTP analogues is formed with significantly lower
efficiency (Table 1). Distances of 3.9 � between C3’ and the
phosphorus atom of the a-phosphate are observed in the
structures that contain dTMeTP and dTEtTP, respectively. A
shorter distance of 3.5 � was found in the ternary structure of
KlenTaq complexed with ddTHTP reported previously.[5e]

Even if this increase in distance correlates with the decrease
in reaction rates, one has to note that the structural variations
are within the error of model refinement at this resolution.

Recent studies show that the closing of the O helix is too
fast to be rate limiting.[11] Thus, other steps occurring after the
closing of the O helix and the correct placement of the
nascent nucleobase are rate limiting. Since it is not possible to
experimentally trap additional intermediates of the chemical
reaction, we can only speculate on the reasons for the
different kinetics. Previously, Warshel et al. performed empir-
ical valence bond calculations on T7 DNA polymerase; they
found that the nucleophilic attack, and not the formation of
the ternary complex, is rate limiting.[12] The simulations also
suggested that very minor conformational differences intro-
duced by the mismatched base pairs could result in increased
reaction barriers. Studies on DNA polymerase b came to the
same conclusion: subtle changes in the binding patterns of the
substrate can lead to profound changes in the reaction
mechanism.[13] In a similar way, the steric bulk introduced
by the additional alkyl groups of the probes could force the
reaction to follow a route with a higher reaction barrier.
Finally, also the opening step could be influenced by the
modified steric demands.[14]

To gain insight into potentially crucial interactions of the
modified nucleotides with proximate amino acid residues we
inspected the protein environment in more detail. The 4’-alkyl
modifications are buried in a cavity within the nucleotide-
binding pocket (Figure 3). The shortest distances between the
nucleotides and the proximal amino acid residues were
measured between the 4’-methyl group and the methylene
moiety of the 4’-ethyl group to amino acids I614 (3.5 � for
dTMeTP and dTEtTP, respectively) and E615 (3.4 and 3.3 �,
respectively) rendering these residues prime targets for
mutational analysis. Recent results highlight the necessity of
a carboxylate at position 615 for enzyme catalysis.[15] Thus, we
focused our investigations on I614, which had been previously
discussed to be involved in selectivity and sugar recogni-
tion.[15, 16] We converted isoleucine into alanine by site-
directed mutagenesis. The I614A mutation should remove
steric constraints within the active site of KlenTaq because of
the absence of a b-alkyl side chain. The purified mutant was
investigated by transient kinetic analysis as described above
(Table 1). Strikingly, the I614A mutant processes the 4’-
alkylated nucleotides dTMeTP and dTEtTP with the same
activity as the wild-type enzyme processes the unmodified
dTHTP. This results in more than 240- and 400-fold increased
incorporation efficiencies for the modified nucleotides,
repectively. Interestingly, this is paralleled by a sixfold
increase for the efficiency of processing dTHTP by the
I614A mutant in comparison to KlenTaq wild-type. Thus,
decrease of steric demand in the active site of the enzyme by
mutating the amino acid I614 proximate to the 4’-alkyl
modification results in steep increases of incorporation

efficiencies of the size augmented nucleotides. This finding
shows that I614, which is highly conserved from bacteria to
humans among DNA polymerases from this sequence family
(see Table S3 in the Supporting Information), plays an
important role for sugar recognition by KlenTaq.

In summary, we have described the structures of size-
augmented nucleotide probes bound to the active site of a
DNA polymerase. The nucleotide probes adopt conforma-
tions nearly identical to those observed for unmodified
substrates. The same holds true for the protein side chains.

Figure 3. Close-up views of the amino acid residues closest to the
4’-modifications of dTMeTP (a) and dTEtTP (b); color code as in
Figure 1b,c. The stick models are shown inside transparent Connolly
surfaces.
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Since the kinetics of nucleotide incorporation differ signifi-
cantly between the natural and size-augmented nucleotides,
the finding of nearly identical enzyme and substrate con-
formations suggests that mechanistic steps not resolved by the
crystal structures are rate limiting. The interplay with distinct
enzyme side chains may account for this observation. Indeed,
mutation of a single side chain most proximate to the 4’-
modification increases nucleotide incorporation efficiencies
for the size-augmented nucleotides to the level found for the
unmodified substrate. Future efforts on elucidation of the
interplay of size-augmented nucleotides with DNA poly-
merases in atomic detail will focus on gaining insight into
altered selectivity that derive from enzyme mutation.
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