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Abstract: Archaeal B-family DNA polymerases (DNA pols)
are the driving force of cutting-edge biotechnological applica-
tions like next-generation sequencing. The acceptance of
chemically modified nucleotides by DNA pols is key to these
technologies. Until now, no structural data have been available
for these DNA pols in complex with modified substrates, which
could build the basis for understanding interactions between
the enzyme and the chemically modified nucleotide and for the
further development of next-generation nucleotides. For the
first time, we crystallized an exonuclease-deficient variant of
the wild-type B-family KOD DNA pol with a modified
nucleotide in a closed, ternary complex. We also crystalized
the A-family DNA pol KlenTaq with the same nucleotide. The
reported structural data reveal how the protein and the DNA
modulate two distinct conformations of the appended moiety in
the A- and B-family DNA pols and how these influence the
processing of the modified nucleotide. Overall, this study
provides first insight into the interplay between B-family DNA
pols and relevant modified substrates.

DNA polymerases (DNA pols) are the driving force of
numerous biotechnological applications such as DNA and
RNA sequencing,[1] SELEX[2] and microarray analysis.[3] All
of these applications rely on a DNA polymerase and its
capability to accept chemically modified nucleotides. Surpris-
ingly, even though DNA pols have evolved to utilize the
canonical nucleotides, they have been shown to also process
diverse modified analogues.[4]

The acceptance of a modified nucleotide depends on the
modification as well as the utilized DNA pol. Among the
thermostable DNA pols like KlenTaq DNA pol (Klenow
fragment of Thermus aquaticus DNA pol I, A-family) and
KOD DNA pol (Thermococcus kodakaraensis, B-family), the
B-family DNA pols often exhibit a broader substrate
tolerance for C5-modified pyrimidines and 7-deaza-modified

purines,[5] which are the modifications that are most important
for present-day applications.

Recently, crystal structures of closed ternary complexes of
KOD DNA pol[6] and a mutant[7] were published, giving first
insights into the coordination of the triphosphate and the
metal ions in the active site. However, structural data for
DNA pols in complex with the above-mentioned nucleobase-
modified nucleotides is so far only limited to the A-family
KlenTaq DNA pol.[8] However, enzymes from this enzyme
family are less often suitable for the above-mentioned
techniques. These studies indicate that hydrogen bonding[8d,e]

and electrostatic interactions[8f] between the appended moiety
and the enzyme support the incorporation of the modified
substrate. Due to the lack of structural data for archaeal B-
family DNA pols in complex with modified nucleotides, the
underlying mechanisms that enhance the acceptance of
unnatural substrates remain elusive for B-family DNA pols
that are most important for numerous applications.

Herein, we addressed this issue and successfully crystal-
lized an exonuclease deficient variant of wild-type KOD
DNA pol in complex with a nucleotide bearing the modifi-
cation that is employed in next-generation sequencing.[1a,b]

For direct comparison, we also crystallized KlenTaq DNA pol
with the same modified nucleotide. Interestingly, the
appended moiety adopts two distinct conformations for
KOD and KlenTaq DNA pol. The obtained data illustrate
the different interaction pattern the investigated appended
moiety undergoes in A- and B-family DNA pols. These results
reveal the mechanisms by which the modified nucleotide is
processed by the archaeal B-family DNA pols that are crucial
for many cutting edge applications.

Since unmodified dATP crystallized in complex with
KOD DNA pol in our recent studies,[6] we focused on
modifying this nucleotide and synthesized the 7-deaza-
modified adenosine derivative dA*TP (Figure 1, for details
see Scheme S1 in the Supporting Information). This
modification was chosen due to its importance in DNA
sequencing.[1a,b]

The obtained dA*TP was utilized in co-crystallization
trials with KOD DNA pol. By following the approach as for
KOD DNA pol in complex with unmodified dATP (KOD-
dATP),[6] we obtained a closed ternary structure of KOD
DNA pol in complex with dA*TP (KOD-dA*TP). The
structure was solved using difference Fourier techniques at
a resolution of 2.0 c (PDB ID: 5OMF).[6] The structure shows
a complex poised for catalysis, with a closed finger domain
packing against the nascent dA*TP-dTMP base pair. The
active site exhibits two metal ions (Mg2+ (A) and Mn2+). The

[*] M. Sc. H. M. Kropp, Prof. Dr. A. Marx
Department of Chemistry and
Konstanz Research School Chemical Biology, University of Konstanz
Universit-tsstrasse 10, 7857 Konstanz (Germany)
E-mail: andreas.marx@uni-konstanz.de

Prof. Dr. K. Diederichs
Department of Biology and
Konstanz Research School Chemical Biology, University of Konstanz
Universit-tsstrasse 10, 78457 Konstanz (Germany)

Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.201900315.

Angewandte
ChemieCommunications

5457Angew. Chem. Int. Ed. 2019, 58, 5457 –5461 T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/ange.201900315
http://dx.doi.org/10.1002/anie.201900315
http://orcid.org/0000-0002-8723-7347
http://orcid.org/0000-0002-8723-7347
http://orcid.org/0000-0002-8723-7347
http://orcid.org/0000-0001-5360-0905
http://orcid.org/0000-0001-5360-0905
http://orcid.org/0000-0002-6471-3689
https://doi.org/10.1002/anie.201900315


Mn2+ in the B-site was determined by anomalous signal. The
third metal ion (C), which is so far unique to DNA pols d,[9]

988N, and KOD when bound to the natural substrate,[6] is
missing in the KOD-dA*TP structure (Figure 2D and Fig-
ure S2B). It is usually coordinated by the g-phosphate, E580,
D404, and three water molecules. One of these water
molecules is coordinated by E578. Whereas all residues and
water molecules are positioned as observed in KOD-dATP,
E580 adopts an “open” conformation, which impairs a coor-
dination of a third metal ion (Figure 2D and Figure S2 B). A
similar conformation for E580 was also observed for 988N
DNA pol, which was previously crystallized with two metal

ions in the active site.[6] So far, the role of the third metal ion
in 988N and KOD DNA pol is unknown. In DNA pol d, it is
believed to modulate the catalytic efficiency by affecting the
incorporation of the either right or wrong nucleotide.[9] This
may also apply for the archaeal B-family DNA pols. As
observed for 988N DNA pol, the third metal ion seems to have
a generally weaker binding affinity than the other two.[6]

However, overall the KOD-dA*TP structure exhibits high
similarity compared to the recently published KOD-dATP
structure (rmsd value of 0.264 for 697 Ca atoms; Fig-
ure S1A).[6]

In the active site, dA*TP forms a canonical Watson–Crick
base pair with the templating thymidine. The appended
moiety points into the crevice between finger and palm
domain (Figure 2C) and is structurally well resolved until the
amide bond (Figure 2A). The ethylene glycol chain lacks
electron density and was therefore modelled with zero
occupancy. The carbonyl group of the appended moiety
forms hydrogen bonds to K487 (2.9 c), which in turn interacts
with the a- (2.9 c) and b-phosphate (3.1 c) of dA*TP and is
crucial for the nucleotidyl-transfer reaction.[10] Additionally,
R484 is positioned on the opposite site (5.0 c) of the carbonyl
group, leaving it to be sandwiched between two positively
charged amino acid side chains (Figure 2B). These hydrogen
bonding and electrostatic interactions seem to well stabilize

Figure 1. Chemical structure of 7-deaza-modified adenosine triphos-
phate (dA*TP).

Figure 2. Structural data of KOD-dA*TP and KlenTaq-dA*TP. The protein is shown in grey with the finger domain of KOD DNA pol and the O-
helix of KlenTaq DNA pol in blue. The dA*TP and the corresponding metal ions are shown in purple. Water molecules are shown as red spheres.
Distances are shown as black dashes and are given in b. A–D) KOD-dA*TP. A) Omit map of dA*TP at 3s. B) The appended moiety is sandwiched
between the two positively charged amino acid side chains of K487 (2.9 b) and R484 (5.0 b). C) The 7-deaza moiety points into the crevice
between the finger and palm domain. D) Active site with the two metal ions and E580 in the “open” conformation. E–G) KlenTaq-dA*TP. E) Omit
map of dA*TP at 3s. F) The 7-deaza moiety is positioned underneath the O-helix, forming hydrogen bonds to the N6 of the 3’ terminal dCMP
(2.7 b) via a water molecule (3.1 b) to the primer backbone (2.7 b) and to T664 (3.5 b). G) The 7-deaza moiety is sandwiched between T664 and
R660 of the O-helix and points into the crevice between finger and thumb domain. H) Superimposition of dA*TP of KOD-dA*TP (purple) and
KlenTaq-dA*TP (blue).
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the dA*TP in the active site. Since R484 is in close proximity
to the appended moiety, it, and other amino acid side chains
of the finger domain like I488, may be a target for mutations
to improve the acceptance of modified nucleotides by KOD
DNA pol.

In addition to E580, Y402 adopts a different conformation
in KOD-dA*TP (Figure 2D and Figure S2 B) compared to
KOD-dATP. The side chain of Y402 moves towards E580 by
1.2 c, which may be due to the different conformation of
E580, opening space at that position. Through this movement,
Y402 loses its hydrogen bonds to a water molecule coordi-
nating metal ion A (3.7 c) and a water molecule coordinating
the primer phosphate backbone (3.7 c). Upon binding of the
third metal ion and the associated conformational change of
E580, Y402 may move closer to the active site. Thereby, the
stabilizing interactions of the primer strand and the active-site
water molecules will be restored.

For comparison, we also crystallized KlenTaq DNA pol in
complex with dA*TP (KlenTaq-dA*TP). We set up crystal-
lization trials employing the same primer/template sequence
as well as the same amount of MgCl2 and MnCl2 as used for
KOD DNA pol. To compare KlenTaq-dA*TP to a natural
structure crystallized using the same primer/template and
metal ion composition, we also crystallized KlenTaq DNA pol
in complex with dATP (KlenTaq-dATP). We solved the
KlenTaq-dA*TP and KlenTaq-dATP structures using differ-
ence Fourier techniques at resolutions of 2.0 c (PDB ID:
6FBI[8f]). Overall, KlenTaq-dATP and KlenTaq-dA*TP adopt
a very similar conformation with an rmsd value of 0.108 for
468 Ca atoms (Figure S1B). Both structures show complexes
poised for catalysis, each with two metal ions coordinated in
the active site. In both cases, the metal ions are Mg2+ and
Mn2+ for the A and B metal ion, respectively, as observed for
KOD-dA*TP. The O-helix is fully closed and packs against
the nascent dATP-dTMP and dA*TP-dTMP pair, with K663
forming hydrogen bonds to the a- [2.7 c (dATP), 3.2 c
(dA*TP)] and b- [2.8 c (dATP), 2.8 c (dA*TP)] phosphate
(Figure S3).

In KlenTaq-dA*TP, the appended moiety is situated
between the O-helix residues R660 and T664 (3.5 c) and
points towards the thumb domain (Figure 2G). R660, as
observed for R484 in KOD-dA*TP, is in close proximity
(3.9 c) to the carbonyl group of the modified nucleotide and
was modelled in two conformations (Figure 2F, Figure S3).
Both conformations of R660 are within hydrogen-bonding
distance to the primer backbone (2.9 c) (Figure S3). Com-
pared to KOD-dA*TP, the appended moiety in KlenTaq-
dA*TP is more rigid, since electron density for the ethylene
glycol chain is observed (Figure 2 E). The carbonyl group,
compared to KOD-dA*TP, is turned by 18088 (Figure 2H) and
points towards the N6 of the 3’-terminal cytidine, hydrogen
bonding with the exocyclic amine (2.7 c; Figure 2F). Since
the DNA duplex close to the active site of A-family DNA
polymerases adopts the A-form (Table S2), the duplex has
a narrower major groove and a closer nucleobase distance at
the 3’-primer terminus in KlenTaq DNA pol compared to
KOD DNA pol. Hydrogen-bonding of the carbonyl group to
the N6 of the cytidine may thereby be facilitated. Addition-
ally, the carbonyl group forms a hydrogen bond via a water

molecule (3.1 c) to the primer backbone (2.7 c; Figure 2F).
This additional interaction with the primer backbone is not
observed in KlenTaq-dATP.

In order to evaluate the efficiency of dA*TP processing in
comparison to its natural counterpart by KOD and KlenTaq
DNA pol, we performed single-nucleotide-incorporation
experiments in which the modified dA*TP directly competed
with natural dATP (Figure 3), as described before.[8d,e] We

used the 5’-32P-labelled 12-nt primer and 16-nt template with
the same sequence as that used for crystallization. The
reactions were analyzed and the ratio of dATP versus dA*TP
was determined by 16% denaturating polyacrylamide gel
electrophoresis (PAGE) and autoradiography by exploiting
the significantly different migration of the primer elongated
by either processing of dA*TP or dATP due to the additional
modification of dA*TP. For KOD DNA pol, the appended
moiety of dA*TP has only minor effects on the enzyme, since
KOD DNA pol incorporates the modified nucleotide with
a 1.2 fold higher efficiency compared to dATP (Figure 3).
Interestingly, KlenTaq DNA pol processes dA*TP with a 2-
fold higher efficiency compared to dATP. Similar superior
processing was reported for other dATP analogues as
well.[8e,11] This may be due to the interactions formed by the
carbonyl group of the modified nucleotide and the primer
strand, which might lead to an additional stabilization of the
ternary complex. Since the hydrogen bond of the carbonyl to
the N6 of the 3’-terminal cytosine is sequence specific, we
wondered whether the enhanced incorporation efficiency by
KlenTaq DNA pol when using dA*TP persists if a thymidine
instead of a cytidine is located at the 3’ primer terminus,
thereby preventing hydrogen-bond formation between the

Figure 3. Competitive primer-extension experiments. A) Sequence of
the primer/template complex. B) PAGE analysis of the competition
experiment using KOD DNA pol. C) PAGE analysis of the competition
experiment using KlenTaq DNA pol. D) Graphical readout of the PAGE
analysis using KOD DNA pol. The point of 50% incorporation is
indicated with a dashed line. E) Same as for (D) but using KlenTaq
DNA pol. Data from triplicates.
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carbonyl group and the 3’ terminal primer nucleobase. By
employing the 3’-terminal dTMP primer in the single-
nucleotide-incorporation competition experiments, we
indeed observed a drop of the incorporation efficiency to
1.5-fold versus the 3’-terminal dCMP primer (Figure S4).

Comparing KOD and KlenTaq DNA pol now leads us to
two main differences between the enzymes that result in the
two distinct conformations of dA*TP observed here: the
channel volume that is accessible within the enzyme to
accommodate modifications, and the DNA conformation
close to the active site. KOD DNA pol has a larger channel
volume within its ternary closed complex compared to
KlenTaq DNA pol[6] as well as a larger crevice between its
finger and thumb/palm domain. Therefore, KOD DNA pol
has more space to accommodate modifications, which results
in a highly flexible ethylene glycol chain of dA*TP in KOD-
dA*TP. Additionally, KOD DNA pol exhibits B-form DNA
throughout, which results in larger internucleobase distances
and a wider major groove compared to the A-form DNA of
the first three primer nucleotides in KlenTaq DNA pol
(Table S2). The B-form DNA in KOD DNA pol offers more
space to accommodate major-groove modifications such as
those at C5 of pyrimidines and 7-deaza of purines. Along with
the protein environment, the B-form seems to prevent
sequence-specific interactions between modifications at-
tached at incoming dNTPs and downstream nucleotides
compared to KlenTaq-dA*TP. Even though the more com-
pact active complex and the A-form DNA in KlenTaq DNA
pol seem to promote the processing of a single dA*TP, these
properties may reduce the incorporation of multiple modified
nucleotides in a consecutive manner. Here, a DNA pol with
more space and fewer interactions, like KOD DNA pol,
would be advantageous.

In summary, we have gained insight into the processing of
a modified nucleotide by KOD DNA pol, a member of the
DNA pol family B, which is crucial for many current
applications. The obtained crystal structures allow a direct
comparison of interactions formed by modified nucleotides in
a B- and A-family DNA pol. They further reveal how the
protein and DNA environment modulate the conformation of
the appended moiety in each family, leading to two distinct
conformations. This study broadens our so-far limited knowl-
edge about the interplay between biotechnologically impor-
tant archaeal B-family DNA pols and relevant chemically
modified substrates and builds the basis to understand their
capability to accept a wide range of modified nucleotides.
Future studies aim at elucidating how nucleotides with more
than one modification are processed within the confines of
DNA pols.
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