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DNA polymerases are the key enzymes in many biotechnologi-
cal applications, such as genome sequencing, molecular diag-
nostics, DNA conjugation and selection of aptamers by system-
atic enrichment of ligands by exponential amplification
(SELEX).[1] For these methods the ability of DNA polymerases to
process modified 2’-deoxynucleoside-5’-O-triphosphates
(dNTPs) is often essential.[1a, 2]

Functional studies with nucleotides that are modified at the
sugar residue[3] or the nucleobase[4] have shown many times
that archaeal DNA polymerases belonging to sequence fami-
ly B (e.g. , Thermococcus sp. 98N-7 (98N) DNA polymerase, Pyro-
coccus furiosus (Pfu) DNA polymerase and Thermococcus koda-
karaensis (KOD) DNA polymerase) are more efficient at utilising
modified nucleotides than are DNA polymerases from se-
quence family A, such as Thermus aquaticus (Taq) DNA poly-
merase. The reason for this remains elusive, mainly because of
paucity of structural data. Although structures of family A DNA
polymerases are available (even in complex with modified nu-
cleotides),[5] family B DNA polymerases from archaea are only
very poorly defined: only the apo-structures and those of en-
zymes with the DNA at the exonuclease subunit of the enzyme
(editing mode) have been characterised.[6]

Here we report two structures of family B DNA polymerases,
KOD and 98N. They were obtained in binary (enzyme bound to
primer/template duplex) complexes, with primer and template
strand positioned in the polymerase cleft in the replicative
state. We were able to solve the crystal structures of binary
KOD (PDB ID: 4K8Z) and 98N (PDB ID: 4K8X) complexes at reso-
lutions of 2.4 and 2.6 �, respectively.

An important step towards obtaining the binary structures
was the identification of crystals that bear complexed DNA. It
turned out that both enzymes readily crystallise in apo form,
even though DNA was present. Therefore, DNA binding had to
be identified by an approach in which Cy-labelled DNA assists
visualisation and identification of DNA-containing crystals.[7]

Coloured crystals of both polymerases were obtained under
different crystallisation conditions and were reproduced with
unlabelled DNA. In the case of 98N, the resolution decreased
slightly with the unlabelled template. As the primer/template
(p/t) duplex parts were identical in labelled- and unlabelled-

template structures, we use the Cy5-containing 98N structure
for analysis in this study. In contrast, refined crystals of KOD
delivered better diffraction characteristics without the dye;
thus, the structure with the unlabelled template was used.

Despite the presence of magnesium ions and ddNTP in the
crystallisation trials, no electron density for bound triphosphate
and/or coordinated magnesium ions was found in the active
sites of either enzyme. The most probable reason for this is
the fact that in both crystal structures the tip of the finger
domain is in contact with the exonuclease domain of a symme-
try-related molecule. Furthermore, a second symmetry mate
could sterically hinder finger domain closure (see Figure S1 in
the Supporting Information).

The overall structures of KOD and 98N are very similar (Fig-
ure S2). They show the typical domain composition of DNA
polymerases: N-terminal (N-term, 1–130 and 338–372), exonu-
clease (exo, 131–338), finger (448–499), thumb (591–774) and
palm (374–447 and 500–590)[8] (Figure 1; depictions of 98N can
be found in the Supporting Information).

Although the thumb domain was further partitioned into
two subdomains (thumb-1 and thumb-2) in the publication of
the KOD apo structure,[6b] we do not discriminate these two
subdomains here. When comparing our binary structures with
the KOD apo structure (PDB ID: 1WNS),[6b] it is evident that
there is some rearrangement in the palm and thumb domains
of KOD and 98N upon DNA binding (Figure 1). The KOD binary
and apo structures align with a Ca RMSD of 1.31 �. The most
pronounced movement of structural elements upon DNA bind-
ing are within the thumb domain, which rotates towards the
DNA (Figure 1). In the following discussion of the structures
we employ the nomenclature introduced for the 98N apo
structure.[6a] Reordered and additionally built structural ele-
ments within the thumb domain include helices R, S, T, U and
V + W, b-sheets 26 to 28 and the connecting loops. The big-
gest movement is observed for helix U, which is shifted (~
22 �) and rotated (~278) towards the DNA. In both structures
this inward movement generates a distinct contact region be-
tween thumb and DNA, and the otherwise only partly resolved
thumb domain is more structured (Figure 1). After the thumb
domain, the biggest rearrangements are observed for helix L
(palm domain, residue 374–379, located at the interface to the
finger domain) and the loop connecting it to b-sheet 18 (resi-
dues 397–404). Starting at Val 389, the loop together with the
helix moves by up to 4 � outwards, thereby opening the tem-
plate cleft (dark green in Figure 1).

In both structures the duplex part of the DNA is bound,
almost identically, in a groove formed by the thumb and palm
domains. For instance, KOD contacts the double-stranded DNA
(dsDNA) between nucleotide dGT14 and dCT6 on the template
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strand and dCP7 and ddA on the primer strand (for p/t number-
ing see Figures 2 and S2). The DNA duplex is mainly contacted
by residues of the thumb domain, as well as some residues of
the palm domain and one of the exonuclease domain. The res-

idues directly interacting with the DNA are identical in both
enzymes, with one exception; this is reflected in the sequence
differences between KOD and 98N (Figure S2 A; overlay in Fig-
ure S2 B). Based on the high structural and sequence similarity

Figure 1. Overlay of KOD DNA polymerase in the binary complex (violet) with the KOD apo structure (PDB ID: 1WNS, grey). Polymerase domains are labelled.
Detail : altered elements of thumb and palm domains. Corresponding secondary structure elements of apo and binary structures are shown in the same col-
ours to highlight movement of the thumb domain upon DNA binding and visualise differing parts of the enzyme.

Figure 2. Comparison of protein–DNA interactions in KOD (B family) and KlenTaq (A family, PDB ID: 3SZ2) polymerases. Only direct contacts up to 3.6 � are
shown: side-chain interactions (solid outline), contacts with protein backbone (no outline) and residues with both interactions (dashed outline). Interactions
to the phosphate backbone, sugar oxygen and nucleobase are shown in yellow, blue and green, respectively.
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between these enzymes (Ca RMSD: 0.76 �, sequence identity:
91 %) the structure of KOD was chosen for a more detailed de-
scription in the following analysis ; it is representative of both
polymerases.

As observed in the extensively studied B-family polymerase
RB69, the p/t duplex in KOD and 98N binary structures main-
tains a B-form DNA conformation, with most ribose moieties
showing the ideal puckering for B-DNA (C2’-endo) or confor-
mations that are also found in more flexible B-DNA (C1’-exo,
C3’-exo, O4’-endo and C4’-exo conformations).[9] The duplex
also follows other known geometric characteristics for B-DNA.
As already stated for other binary or ternary B-family struc-
tures, this is in contrast to the A-form DNA observed at the
primer 3’-end in A-family polymerases, as reported for T7, BF
(large fragment of Bacillus stearothermophilus polymerase) and
KlenTaq (large fragment of the polymerase I from Thermus
aquaticus) DNA polymerases.[10]

Similarly to other B-family polymerases,[11] KOD forms direct
contacts with the DNA duplex, primarily with the DNA phos-
phate backbone. Only very few direct interactions with the nu-
cleobases or sugar oxygens are observed (Figure 2). Residues
in the loop connecting b-sheet 26 and helix U (666–677) in the
thumb domain establish the first contacts to the primer strand.
A second loop between b-sheet 25 and helix R (606–616) inter-
acts with the primer at the phosphate backbone and the
minor groove. The 3’ part of the template is contacted by resi-
dues in the connecting loop between b-sheets 27 and 28
(709–711) and by residues in helix V + W (729–745). Some resi-
dues known to be important in DNA binding are situated in
motifs conserved throughout family B polymerases; these in-
clude, for example, the sequence motif KKRY (KKKY in KOD,
residues 591–594), which is unique to family B DNA poly-
merases[12] and mediates contacts to the p/t duplex near the
active site. A second conserved region (I/YxGG/A motif) is situ-
ated in the previously described loop in the palm domain and
stabilises the template strand at the 5’-end of the duplex
(Figure 1, dark green). Apart from those in conserved motifs,
residues involved in DNA binding are not conserved through-
out the B family.[11] However, we found that the great majority
of residues that directly contact the DNA duplex are indeed
well conserved in archaeal members (Figure S3).

The obtained structural insights in this study might aid ra-
tionalisation of the observed differences in the capability of
family B and A DNA polymerases in polymerising chemically
modified nucleotides. Thus, we compared the data reported
here with a representative family A polymerase, the structurally
well-characterised KlenTaq DNA polymerase, by employing the
KlenTaq binary structure with the PDB ID: 3SZ2 (Figure 2 and
3).[5b–d, 10c, 13] In both enzymes the majority of direct protein
side- and main-chain contacts to dsDNA are at the phosphate
backbone. The most striking difference, however, is the
number of direct contacts to the nucleobases and sugar oxy-
gens. Whereas in KlenTaq six nucleobases are contacted by five
protein side chains, in the KOD structure only three nucleobas-
es are contacted by just two residues. Interestingly, in both en-
zymes, interactions with the nucleobases of two primer nucle-
otides (8 and 9) by one protein side chain were found (Lys540

in KlenTaq, Arg612 in KOD). Furthermore, remarkably fewer in-
teractions with the ribose moiety were found in KOD com-
pared to KlenTaq. Whereas in KlenTaq six interactions of sugar
oxygens with protein side chains were observed, only two resi-
dues in KOD (Asp540 and Arg612) interact with a sugar.

As all sugar and nucleobase contacts are through the minor
groove, one would assume a sterically less-hindered minor
groove in the case of B-family polymerases. This has been
probed by modifying nucleotides, and might explain why B-
family polymerases show better performance in utilising nucle-
otides that, for example, bear small C4’ modifications (i.e. ,
methyl, ethyl, vinyl, methylene, etc.).[3] Nevertheless, bulkier
modifications might not be tolerated by either enzyme as
these would interfere with residues (of both proteins) that are
further from the interior of the minor groove (Figure S4). In
general, for complexes with both enzymes, the DNA minor
groove is better covered by protein residues than is the major
groove.

Modifications at C5 in pyrimidines and C7 of 7-deazapurines
(which have been shown to be more efficiently polymerised by
family B DNA polymerases)[4] point towards the major groove.
Thus, we next inspected the major groove of DNA in the KOD
and KlenTaq binary structures. The number of residues interact-
ing with the phosphate backbone is similar, and, in the 3D
model, the major grooves seem to be well accessible in both
enzymes (Figures 3 and S4 C, D). However, one major differ-
ence is the tip of the thumb domain. In both enzymes the tip
of the thumb domain (residues 506–509 in KlenTaq, 668–675
in KOD; red in Figures 3 A, B and S4 C, D) makes contacts with
the primer strand. The architectures of the contacting loops
differ greatly. Whereas the loop in the KOD structure hovers
above the minor groove without extending deeply into it (Fig-
ures 3 A and S4 C), the corresponding loop in KlenTaq extends
over the phosphate backbone towards the major groove (Fig-
ures 3 B and S4 D). The better accessibility of the major groove
might explain the observed superiority of family B DNA poly-
merases in polymerising nucleotides that bear bulky modifica-
tions at C5 in pyrimidines and C7 of 7-deazapurines.[4]

In summary, we describe the crystal structures of archaeal
family B DNA polymerases, namely KOD and 98N, in binary
complexes with DNA in the replicative mode. As, up to now,
only structures of bacterial or eukaryotic members of the
family in a binary or ternary replicative complex have been
characterised, these structures contribute to a better mechanis-
tic understanding of thermophilic B-family polymerases of
Archaea, which are extensively used when modified nucleo-
tides are used as substrates. With these new models at hand,
the generation of optimised enzymes and substrates is facili-
tated. Despite this progress, one remaining challenge is the
crystallisation of ternary complexes of archaeal B-family poly-
merases with dsDNA and bound triphosphate in the active
site. Ternary structures would help elucidate the mechanisms
of selectivity, processivity and fidelity of these enzymes, which
are widely used in biotechnology and molecular diagnostics,
and elaborate their incorporation properties with specific dNTP
modifications.
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