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Learning from Directed Evolution: Thermus aquaticus DNA
Polymerase Mutants with Translesion Synthesis Activity
Samra Obeid,[a] Andreas Schnur,[a, b] Christian Gloeckner,[a] Nina Blatter,[a] Wolfram Welte,[b]
Kay Diederichs,[b] and Andreas Marx*[a]
DNA is being constantly damaged by endo- and exogenous
agents such as reactive oxygen species, chemicals, radioactivity, and ultraviolet radiation. Additionally, DNA is inherently
labile, and this can result in, for example, the spontaneous
hydrolysis of the glycosidic bond that connects the sugar and
the nucleobase moieties in DNA; this results in abasic sites. It
has long been obscure how cells achieve DNA synthesis past
these lesions, and only recently has it been discovered that
several specialized DNA polymerases are involved in translesion synthesis. The underlying mechanisms that render one
DNA polymerase competent in translesion synthesis while
another DNA polymerase fails are still indistinct. Recently two
variants of Taq DNA polymerase that exhibited higher lesion
bypass ability than the wild-type enzyme were identified by directed-evolution approaches. Strikingly, in both approaches it
was independently found that substitution of a single nonpolar amino acid side chain by a cationic side chain increases the

capability of translesion synthesis. Here, we combined both
mutations in a single enzyme. We found that the KlenTaq DNA
polymerase that bore both mutations superseded the wildtype as well as the respective single mutants in translesionbypass proficiency. Further insights in the molecular basis of
the detected gain of translesion-synthesis function were obtained by structural studies of DNA polymerase variants
caught in processing canonical and damaged substrates. We
found that increased positive charge of the surface potential in
the area proximal to the negatively charged substrates promotes translesion synthesis by KlenTaq DNA polymerase, an
enzyme that has very limited naturally evolved capability to
perform translesion synthesis. Since expanded positively
charged surface potential areas are also found in naturally
evolved translesion DNA polymerases, our results underscore
the impact of charge on the proficiency of naturally evolved
translesion DNA polymerases.

Introduction
DNA polymerases are responsible for all DNA synthesis in
nature: in DNA replication, repair, and recombination. Efficient
DNA synthesis relies on recognition of the parental DNA strand
that serves as the template for the selection and incorporation
of canonical nucleotides into the nascent DNA strand. However, DNA is constantly being damaged by endogenous and
exogenous agents such as reactive oxygen species, chemicals,
radioactivity, and ultraviolet radiation.[1, 2] Additionally, DNA is
inherently labile, and can experience, for example, spontaneous hydrolysis of the glycosidic bond that connects the sugar
and the nucleobase moieties; this results in abasic sites.[3–5]
These lesions are the most frequent DNA lesions observed
under physiological conditions, with an estimated 10 000
abasic sites per human cell per day; these arise mainly from
hydrolysis of the glycosidic bonds that connect purines to
their ribose units. Since these lesions lack genetic information,
they are potentially mutagenic. Most DNA damage is restored
by DNA repair systems that use the sister strand to guide
incorporation of the right nucleotide in places of the lesion.
However, undetected lesions, and those formed during Sphase, pose a challenge to DNA polymerases. Indeed, abasic
sites as well as other lesions are strong blockers of DNA synthesis catalyzed by replicative DNA polymerases.[6–7]
Although abasic sites are devoid of any base-coding information and are thus considered “noninstructive”, in vitro and

1574

in vivo studies of abasic sites and of the stabilized tetrahydrofurane analogue F (Figure 1 A) have shown that adenine and,
to a lesser extent, guanine are most frequently incorporated
opposite the lesion.[8–15] This preference of DNA polymerases
for adenine incorporation has been termed the “A-rule”. Intrinsic properties of purines, such as the superior stacking ability
of an incoming purine nucleotide to the nucleobase p-system
at the primer end, are proposed as the molecular basis for the
A-rule.[16–28] However it was recently shown that a DNA polymerase that follows the A-rule uses an evolutionary conserved
tyrosine side chain of the protein to mimic the absent nucleobase for selective incorporation of purines when bypassing
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Figure 1. Comparison of KlenTaq wild-type, KlenTaq single mutants and KlenTaq DM in primer extension and single incorporation experiments opposite an
abasic site F. A) Structure of the abasic site analogue F. B) Partial primer (upper) and template (lower) sequences used in primer extension experiments.
C) Primer extension with wild-type KlenTaq (wt), the single mutants (M747K, I614K), or KlenTaq DM. P: primer. D) Partial primer and template sequences used
in single nucleotide incorporation experiments. E)–H) Single nucleotide incorporation of dNTP opposite F after 0.5, 2, and 10 min, with wild-type KlenTaq, KlenTaq DM, KlenTaq M747K, and KlenTaq I614K, respectively. The specific dNTPs are indicated.

abasic sites.[29] This observation is consistent with the geometric model for generic DNA polymerase substrate selection.[21]
It has long been obscure how cells perform DNA synthesis
past these lesions, and only recently has it been discovered
that several specialized DNA polymerases belonging to the
new “Y-family” are involved in translesion synthesis.[6, 7, 30, 31] One
prominent functional characteristic is their high error-propensity when dealing with undamaged DNA; this distinguishes
them from the known high-fidelity DNA polymerases. Translesion DNA polymerases are found in a variety of organisms
ranging from E. coli to human. It has been shown that these
enzymes have important cellular functions including, for example, the suppression of cancer.[6, 7, 30, 31]
What are the determinants for a DNA polymerase to be proficient in translesion synthesis? Structural and functional studies have added significantly to our understanding of the basic
mechanisms of translesion synthesis by DNA polymerases.[6, 7, 30, 31] It has been suggested that, because of their larger,
sterically more “open” active sites, Y-family translesion DNA
polymerases are competent to process aberrant substrates.[30–33] Other models suggest that these enzymes surround the nascent base pair closely, but are more flexible, and
can thus accommodate altered nucleobase pairs.[34] However,
data from crystal structures of ternary complexes of translesion
and non-translesion DNA polymerases show that the nature of
electrostatic interactions between these enzymes and their
bound substrates is different; this suggests another cause of
their altered properties.[33, 35] Recently, Loeb and co-workers
identified a variant of Thermus aquaticus (Taq) DNA polymerase, I614K, that exhibited superior lesion-bypass ability
than that of the wild-type enzyme.[36] The enzyme was found
by a directed-evolution approach that combined randomization of the gene, genetic complementation (to identify active
mutants), and their subsequent screening. Following a similar
approach, we found a methionine to lysine mutant (M747K) of
ChemBioChem 2011, 12, 1574 – 1580

KlenTaq DNA polymerase (an N-terminally truncated form of
Taq DNA polymerase similar to the Klenow fragment of E. coli
DNA polymerase I) that also showed a higher activity in bypassing damaged DNA sites.[37] Strikingly, in both approaches it
was independently found that substitution of a nonpolar
amino acid side chain with a cationic side chain increased the
capability for translesion synthesis. Motivated by this coincidence, we set out to combine both mutations in one enzyme.
Here we describe the functional and structural properties of
the resulting double mutant. We found that the DNA polymerase that bore both mutations was superior to the wildtype, as well as the single mutants, in translesion synthesis
proficiency. Further insights in the molecular basis of this detected gain of function were obtained from structural studies
of the DNA polymerase variants when processing canonical
and damaged substrates.

Results and Discussion
Mutation of KlenTaq DNA polymerase and functional
characterization
First, we generated a double mutant of KlenTaq DNA polymerase that carried lysines at positions 614 and 747. The resulting enzyme, KlenTaq DM, was compared to the wild-type
enzyme and to the single-substituted variants (I614K, M747K).
All enzymes were Ni-NTA purified and diluted to equal protein
concentrations. Next, we investigated the effect of the combination of the two mutations on the ability of KlenTaq DNA
polymerase to bypass an abasic site. We employed a qualitative primer extension assay by using templates that bore
either a 2’-deoxyadenosine (dA) moiety or the abasic site analogue F (Figure 1). Figure 1 C shows the autoradiogram of the
polyacrylamide gel analysis of the extension products, and it
can be seen that all variants were able to extend the primer to
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full length in the control reaction (non-damaged DNA template). Additionally, they show an elevated template-independent addition of a nucleotide to the primer strand compared to
the wild-type enzyme.
Next, we investigated lesion bypass. The wild-type shows
significant pausing prior to incorporation of a nucleotide opposite the abasic site, and minimal formation of the longer
reaction product (Figure 1 C). Both single mutants incorporated
a nucleotide opposite the lesion with increased efficiency
compared to the wild-type enzyme, but only little extension
beyond the lesion. KlenTaq DM showed the most elevated
ability to incorporate a nucleotide opposite the lesion, and
promote extension beyond the lesion that resulted in the
formation of significant amounts of full-length product. In
order to gain insights into which nucleotide is preferentially incorporated opposite the lesion we performed single-nucleotide
incorporation studies (Figure 1 D–H). The data obtained suggests that KlenTaq DM, as the wild-type, preferentially incorporated a 2’-deoxyadenosine-5’-triphosphate (dATP) opposite the
lesion, and thus followed the “A-rule”. In order to quantify the
data we conducted kinetic experiments by using rapid-quench
flow techniques in a single-nucleotide incorporation
assay.[29, 38, 39]
We investigated dAMP incorporation opposite abasic and dT
sites in a 32P-radiolabeled primer–template complex. Incorporation of dAMP was found to be most efficient when using KlenTaq DM (56-fold more efficient than wild-type) or KlenTaq
I614K (53-fold more efficient), while the effect of the M747K
mutation was only moderate (Table 1). The increase in incorporation efficiencies opposite the abasic site stems from increases
in kpol and decreases of KD compared to the wild-type enzyme.
To quantify the selectivity of the mutants in comparison to
that of the wild-type, we determined the error spectrum of all

enzymes by employing a reported PCR-based assay.[36] The
wild-type enzyme exhibited an error rate of 8.8  105, which is
of the same order as that reported before (Table 2). Interestingly, KlenTaq M747K exhibited a similar error rate (11.5  105),
while KlenTaq I614K showed an approximately threefold increased error rate. The highest error rate was detected for KlenTaq DM (14 times higher than that of the wild-type enzyme).
Structural characterization

We determined several crystal structures of KlenTaq DM. One
structure, KlenTaq DMddCTP, was obtained with the enzyme
bound to an undamaged primer–template complex with an
incoming 2’,3’-dideoxycytidine-5’-triphosphate (ddCTP). A
second structure, KlenTaq DMAP, was solved of a complex of
KlenTaq DM bound to a primer–template complex containing
an abasic site opposite an incoming 2’,3’-dideoxyadenosine-5’triphosphate (ddATP). The crystals were obtained by a strategy
previously used for wild-type KlenTaq,[29, 39–43] and the structures
were solved by difference Fourier techniques. The structures,
determined at 1.7–2.4  resolution (see Table S1 in the Supporting Information), provide snapshots of nucleotide incorporation opposite undamaged template (dG), and nucleobase-deficient template (F). The structure of KlenTaq DM in complex
with ddCTP and undamaged template was very similar to that
of the wild-type KlenTaq structure (3KTQ) described earlier[43]
(0.30  root mean squared deviation for Ca atoms); this indicates that the mutations have little effect on enzyme structure.
Subtle changes around position 747 were detected (Figure 2 A
and B); however, the substitution of the less-polar amino acid
methionine with the positively charged lysine resulted in increased positively charged surface potential near the negatively charged DNA backbone of the template strand (Figure 2 E
and F). Close to position 614 different conformations were obTable 1. Kinetic analysis of nucleotide incorporation opposite abasic site F by KlenTaq and mutants.
served (Figure 2 C and D). Position 614 is located in proximity
1
2
1 1
4
[a]
Enzyme
Template
dNTP
kpol [s  10 ]
KD [mm]
kpol/KD [mm s  10 ]
Rel. eff.
to motif C, which harbors cataKlenTaq
dT
A
516  44
15.3  4.7
3373
1843
lytically essential carboxylates.
KlenTaq
F
A
2.73  0.23
149  35
1.83
1
In KlenTaq DMddCTP the I614K
KlenTaq(M747K)
dT
A
557  47
11.3  3.7
4929
2693
mutation introduces waterKlenTaq(M747K)
F
A
3.02  0.13
108  15
2.80
1.53
KlenTaq(I614K)
dT
A
351  14
2.23  0.34
15 740
8601
mediated hydrogen bond netKlenTaq(I614K)
F
A
41.9  3.3
43.3  14.4
96.8
53
work between K614 and the
KlenTaqDM
dT
A
462  36
1.46  0.35
31 644
17 292
backbone of motif C.
KlenTaqDM
F
A
52.7  2.2
51.4  8.6
103
56
[a] Relative efficiency.

Table 2. PCR error rate and error spectrum of KlenTaq and mutants.
Enzyme

KlenTaq
KlenTaq(M747K)
KlenTaq(I614K)
KlenTaqDM

No. of
clones

Mutations
per clone
(average)

32
29
24
28

0.4
0.5
0.9
5.5

Error
rate[a]

No. of individual substitutions
Transitions
Transversions
AT!GC
GC!AT
AT!TA
AT!CG
GC!TA

GC!CG

8.8  105
11.5  105
26  105
125  105

5
4
10
34

0
0
0
2

4
5
7
43

0
0
1
41

0
0
1
1

1
1
0
13

No. of
deletions

No. of
insertions

3
3
3
19

0
1
0
2

[a] Number of mutations per base per replication.
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Figure 2. Impact of the mutations on enzyme substrate complex. A) Close-up view of KlenTaq DMddCTP at the mutation site M747K. The K747 side chain and
the template are shown as sticks, and the Q helix as a ribbon. The final refined simulated annealing omit map mFo-DFc encountered at 3s is shown for K747.
B) KlenTaq wild-type (PDB ID: 3KTQ) with M747. C) Close-up view of KlenTaq DMddCTP at I614K. The K614 side chain in motif A interacts via a water molecule
with the backbone of motif C (a). The incoming ddCTP located at the 3’ terminus of the primer is coordinated via Mn2 + and Mg2 + ions with the catalytically essential carboxylates (a). The final refined simulated annealing omit map mFo-DFc encountered at 3s is shown for K614. D) KlenTaq wild-type (PDB ID:
3KTQ) with I614. E)–H) Electrostatic surface potentials of A)–D), respectively. Blue and red represent the positive (+10 kTe1) and negative (10 kTe1) charge
potentials, respectively. Arrows indicate the amino acid side chains.

KlenTaq DMAP (the complex with ddATP opposite an abasic
template site) adopted an overall conformation very similar to
that of 3LWL,[29] a recently described wild-type structure complexed with the same substrates (0.27  root mean squared

deviation for Ca atoms; Figure 3 A–C). Again, compared to the
structures of KlenTaq complexed to undamaged substrates,
there are several structural changes to the O helix near the
primer terminus and the dNTP binding site. In the wild-type

Figure 3. Interaction network of incoming ddATP opposite abasic site F. A) Hydrogen bonds stabilize ddATP opposite an abasic site in KlenTaq DMAP (sand),
showing side chains of R587 and Y671. B) Superimposed structures of KlenTaq DMAP (sand) and KlenTaq wild-type (purple, PDB ID: 3LWL) in complex with Fcontaining template. C) Superimposed structures of KlenTaq DMAP (sand) and KlenTaq wild-type (cyan, PDB ID: 1QSY) in the presence of an undamaged template show the difference in orientation of residues R587 and Y671. D) Overlay of KlenTaq DMddCTP (gray) with KlenTaq DMAP (sand) at M747K. Highlighted is
the amino acid side chain K747 and the template strand (stick model), Q helix (cartoon). E) Overlay of KlenTaq DMddCTP (gray) with KlenTaq DMAP (sand) at the
mutation site I614K. Highlighted is the amino acid side chain K614 in motif A as stick. K614 interacts via a water molecule with the backbone of motif C. The
incoming ddCTP located at the 3’ terminus of the primer is coordinated via Mn2 + (violet) and Mg2 + (green) ions with the catalytically essential carboxylates.
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structure (as well as the KlenTaq DMddCTP with undamaged substrates; see Figure S1) the O helix sits against the template
nucleobase and the incoming ddCTP, and thereby “closes” the
active site. However, in KlenTaq structures that incorporate
abasic sites, the O helix is in a conformation that leaves the
active site more solvent-exposed (“opened”; Figure 3 A–C).
These differences in the conformation of the O helix result in
variations in the protein–substrate assembly at the active site.
In the structures obtained with the abasic site opposite an incoming ddATP the phenol ring of Tyr671 is in a different orientation (Figures 3 and S2). It directly interacts with the nucleobase of the incoming ddATP. The vacant space (missing nucleobase) is filled by the aromatic side chain of the amino acid;
this mimics a pyrimidine nucleobase and thus preferentially directs purine incorporation because of the superior geometric
fit to the active site. Notably, the amino acid conformations at
positions 614 and 747 are similar to those found when the
enzyme is processing undamaged template (Figure 3 D–E).
An additional feature of many DNA polymerases is their ability to catalyze non-template-directed nucleotide addition to
the 3’-termini of blunt-ended DNA, with a strong preference
for the incorporation of adenine.[29, 44–47] The same holds true
for KlenTaq and KlenTaq DM as our investigations have revealed. Our recently published data[29] strongly suggest an
amino acid side-chain templating mechanism that involves
Tyr671 for blunt-end extension—reminiscent of the mechanism for incorporation opposite abasic sites. To obtain structural insights into the template-independent nucleotidyl transferase activity of KlenTaq DM, we crystallized the enzyme in the
presence of a blunt-end primer–template complex and ddATP
(KlenTaq DMBE) by following our recently employed crystallization strategy.[29] By the incorporation of ddAMP at the primer
terminus, a blunt-end primer–template duplex lacking a 3’-terminal hydroxyl group is formed, and a ddATP molecule is captured at the active site for template-independent elongation of
the primer end. This structure was determined with a resolution of 2.2  (Table S1). Here again, when processing a bluntend primer template substrate, the KlenTaq wild-type (3LWM)
and KlenTaq DMBE structures showed high similarity, and the
interaction patterns of the Tyr671s are very much alike (Figures S3 and S4).

Conclusions
As demonstrated, the substitutions of hydrophobic amino
acids with cationic residues, I614 and M747 (located near the
nucleotide and DNA substrates for KlenTaq wild-type), rendered the resulting KlenTaq DM more competent at bypassing
abasic sites. Both mutations led to an expanded positively
charged surface potential area that is in close proximity to the
negatively charged substrates (DNA template and incoming
dNTP). The positive charge might foster attractive interactions
with the anionic substrates and/or stabilize productive enzyme
conformations that are required for nucleotide incorporation
opposite aberrant template sites such as abasic sites. The relevance of positively charged amino acids on lesion bypass has
been recently discussed. Gieseking et al. identified a variant of
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human DNA polymerase b from a library of more than 10 000
mutants (generated by error-prone PCR) that exhibited superior lesion-bypass ability than the wild-type enzyme.[48] It was
found that a mutation that has a pronounced effect was the
substitution of a negatively charged glutamic acid with a positively charged lysine. Furthermore, the presence of a large positively charged DNA binding surface has been shown to promote DNA-lesion bypass by human DNA polymerase h, an
enzyme that is able to perform translesion synthesis, as well as
Sulfolobus solfataricus P2 DNA polymerase IV (Dpo4), an intensively studied translesion polymerase.[33, 35]
Our results show that the increase in translesion-synthesis
proficiency comes at the cost of selectivity. Similar effects were
reported earlier.[36] In addition, natural translesion DNA polymerases, such as the above mentioned human DNA polymerase h and Dpo4, also have elevated error rates.[6, 7, 31] This effect
was ascribed to more open solvent-accessibility and to a loose
active site compared to those found in high-fidelity enzymes.
Our results show that mutations that do not significantly affect
active site solvent accessibility but do affect protein surface
charge decrease DNA polymerase selectivity. Recent reports
indicate that aberrant DNA polymerase conformations are
required when the enzyme is processing mismatched substrates.[30, 35] Again positive charge might foster attractive interactions with the anionic substrates and/or stabilize conformations, including those that are required for mismatch formation.
The model of adaptive evolution concludes that the inherent plasticity of an enzyme allows mutations to change the
substrate scope of the enzyme without compromising the general activity of the enzyme.[49] Thereby, new and beneficial factors could be provided that allow adaptation to changes in the
environment. Our findings that KlenTaq DNA polymerase can
accommodate mutations that increase the activity of the enzyme and foster translesion synthesis proficiency support this
model.
In summary, we found that an increase in the positively
charged surface potential of the area in proximity to the negatively charged substrates promotes the lesion-bypass ability of
KlenTaq DNA polymerase, an enzyme that has a very limited
naturally evolved capability to achieve lesion-bypass synthesis.
Expanded positively charged surface potential areas are found
in naturally evolved translesion DNA polymerases as well. Thus,
the results from directed evolution underscore the contribution of charge for the proficiency of naturally evolved translesion DNA polymerases.
In addition, our evolved DNA polymerase is interesting as it
exhibits high activity in combination with a lesion-bypass propensity in a single enzyme. Particularly, the propensity to process highly damaged DNA templates in PCR amplification may
be useful for forensic applications and the amplification of
“ancient” DNA.[37, 50]

Experimental Section
Proteins, nucleotides and oligonucleotides: KlenTaq DNA polymerase mutation, expression, and purification were conducted as
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described.[29] dNTPs were commercially available (Roche). DNA
oligonucleotides were purchased from Purimex, Germany, and
double HPLC purified.
Primer extension assay: The reaction mixture (20 mL) contained
150 nm primer (5’-d(CGT TGG TCC TGA AGG AGG AT)-3’), 225 nm of
either conventional template (5’-d(AAA TCA ACC TAT CCT CCT TCA
GGA CCA ACG TAC)-3’) or F-containing template (5’-d(AAA TCA
FCC TAT CCT CCT TCA GGA CCA ACG TAC)-3’), dNTPs (100 mm),
buffer (Tris-HCl (50 mm, pH 9.2), (NH4)2SO4 (16 mm), MgCl2
(2.5 mm), and Tween20 (0.1 %)) and the relevant KlenTaq polymerase (150 nm). Reaction mixtures were incubated at 72 8C for
30 min. Primer was labeled by using [g-32P]-ATP according to standard techniques. Reactions were stopped by addition of 45 mL stop
solution (80 % (v/v) formamide, EDTA (20 mm), 0.25 % (w/v) bromophenol blue, 0.25 % (w/v) xylene cyanol), and analyzed by 12 % denaturing PAGE. Visualization was performed by phosphorimaging.
Single nucleotide incorporation assay: The reaction mixture
(20 mL) contained 100 nm primer (5’-d(CGT TGG TCC TGA AGG AGG
ATA GG)-3’), 130 nm template (5’-d(AAA TCA FCC TAT CCT CCT TCA
GGA CCA ACG TAC)-3’), dNTPs (100 mm), buffer (Tris HCl (20 mm,
pH 7.5), NaCl (50 mm), and MgCl2 (2 mm)) and of the relevant KlenTaq polymerase (200 nm). Reaction mixtures were incubated at
37 8C; incubation times are provided in the legend of Figure 1.
Primer was labeled by using [g-32P]-ATP according to standard
techniques. Reactions were stopped by addition of stop solution
(45 mL, as above) and analyzed by 12 % denaturing PAGE. Visualization was performed by phosphorimaging. Blunt-end extension
experiments were performed as described above but with DNA
primer (5’-d(CGT TGG TCC TGA AGG AGG AT)-3’) and template (5’d(ATC CTC CTT CAG GAC CAA CGA AA)-3’).
Enzyme kinetics: The rate of single nucleotide incorporation was
determined by rapid-quench flow-kinetics in chemical quench-flow
apparatus (RQF-3, KinTek Corp., University Park, PA) as described
earlier.[29, 40] For reaction times longer than 5 s a manual quench
was performed. In brief, radiolabelled primer–template complex
(15 mL, 200 nm) and DNA polymerase (2 mm) in 15 mL reaction
buffer (Tris-HCl (20 mm, pH 7.5), NaCl (50 mm), and MgCl2 (2 mm))
were rapidly mixed with a dNTP solution at 37 8C. Quenching was
achieved by adding EDTA (0.3 m) at defined time intervals before
mixing with the previously described stop solution. For the analysis
of dNTP incorporation opposite dT or F, primer (5’-d(CGT TGG TCC
TGA AGG AGG ATA GG)-3’) and either template (5’-d(AAA TCA TCC
TAT CCT CCT TCA GGA CCA ACG TAC)-3’), or F-containing template
(5’-d(AAA TCA FCC TAT CCT CCT TCA GGA CCA ACG TAC)-3’) were
used. Quenched samples were analyzed by 12 % denaturing PAGE
followed by phosphorimaging. For kinetic analysis, experimental
data were fitted by nonlinear regression by using the program
GraphPad Prism 4. The data were fit to a single-exponential Equation (1):
½conversion ¼ Að1expðk obs tÞÞ

ð1Þ

The observed catalytic rates (kobs) were then plotted against the
dNTP concentrations, and the data were fitted to a hyperbolic
equation to determine the KD of the incoming nucleotide. The incorporation efficiency is given by kpol/KD.
Error spectrum: The error spectrum was determined as described
earlier.[36, 37] Briefly, a ~ 1.8 kb fragment was PCR amplified followed
by subsequent cloning of the product and DNA sequencing. PCR
reaction mixture (400 mL) contained plasmid harboring the target
gene (31.5 fmol), primer (400 nm each), dNTPs (100 mm), DNA polymerase (80 nm) in buffer (50 mm Tris·HCl, pH 9.2, 16 mm (NH4)2SO4,
ChemBioChem 2011, 12, 1574 – 1580

2.5 mm MgCl2, and 0.1 % Tween20). Thirty PCR cycles were performed for 60 s at 94 8C, 60 s at 65 8C, and 120 s at 72 8C. PCR products were purified by agarose gel electropheresis and cloned into
pASK-IBA37plus (IBA) vector. The cloned vector was transformed
into E. coli, single colonies were randomly picked, and a stretch of
600 bp was sequenced for each isolated plasmid. The mutation frequency equals the number of mutations per clone and per bp
sequenced (600 bp). The error rate was calculated as mutation frequency per number of replications. Replications were calculated
from the PCR product yield determined by agarose gel electrophoresis and the amount of starting material (31.5 fmol).
Crystallization and structure determination: The closed ternary
complexes of KlenTaq DM were obtained by incubating KlenTaq
DM in the presence of DNA primer (5’-d(GAC CAC GGC GC)-3’), various templates (template1: 5’-d(AAA GGG CGC CGT GGT C)-3’, template2: 5’-d(AAA FTG CGC CGT GGT C)-3’, template3: 5’-d(TG CGC
CGT GGT C)-3’), and the appropriate ddNTP to terminate the polymerase reaction.
KlenTaq DMddCTP : Crystallization was performed by using purified
KlenTaq DM (11 mg mL1) in buffer (Tris HCl (20 mm pH 7.5), NaCl
(150 mm), EDTA (1 mm), and b-mercaptoethanol (1 mm)), with
DNA template1/primer duplex, and ddCTP in a molar ratio of
1:8.3:16.7 and in presence of MgCl2 (20 mm). The crystallization
solution was mixed in 1:1 ratio with a reservoir solution that contained HEPES (0.1 m, pH 7.1), MnCl2 (20 mm), NaOAc (0.1 m), and
PEG 4000 (12 % (w/v)). Crystals were produced by the hanging
drop vapor diffusion method by equilibrating against 1 mL of the
reservoir solution for one week at 18 8C. The crystals were frozen in
liquid nitrogen. Datasets were collected at the beamline ID 23–1 at
the European Synchrotron Radiation Facility (ESRF, Grenoble,
France) at a wavelength of 1.072  with an ADSC Quantum Detector. Data reduction was performed with the XDS package.[51, 52]
Datasets from three different crystals were merged by using
XSCALE[51, 52] for higher redundancy. The structure was solved by
molecular replacement using PHASER,[53] and refined by using
PHENIX[54] at a resolution of 1.7 .
KlenTaq DMAP : The crystallization was set up using purified KlenTaq
DM (8 mg mL1) in buffer (Tris HCl (20 mm, pH 7.5), NaCl (150 mm),
EDTA (1 mm), and b-mercaptoethanol (1 mm)), DNA template2/
primer duplex, and ddATP, in a molar ratio of 1:3:40 and in presence of MgCl2 (20 mm). The crystallization solution was mixed in
1:1 ratio with the reservoir solution (Tris HCl (0.05 m, pH 8.8), NH4Cl
(0.2 m), CaCl2 (0.01 m), and 28 % PEG 4000). KlenTaq DMBE : The crystallization was set up using purified KlenTaq DM (14 mg mL1) in
buffer (as above), DNA template3/primer duplex, and ddATP in a
molar ratio of 1:3:20 and in presence of MgCl2 (20 mm). The crystallization solution was mixed in 1:1 ratio with the reservoir solution (sodium cacodylate (0.05 m, pH 7.0), KCl (0.2 m), Mg(OAc)2
(0.1 m), and 20 % PEG 8000). The crystals of the respective DNA
polymerase were produced by the hanging drop vapor-diffusion
method by equilibrating against 1 mL of the reservoir solution for
five days at 18 8C. They were frozen in liquid nitrogen and kept at
100 K during data collection. Data were measured at the beamline
PXI (X06SA) at the Swiss Light Source of the Paul Scherrer Institute
(PSI, Villigen, Switzerland), at a wavelength of 1.000  and with a
PILATUS detector. Data reduction was performed with the XDS
package.[51] The structures were solved by difference Fourier techniques with KlenTaq wild type (PDB ID: 3KTQ) as model. Refinement was performed with PHENIX,[54] and model rebuilding was
done with COOT.[55] The structures were solved and refined to a
resolution of 2.4  for KlenTaq DM processing an abasic site, and
1.8  for KlenTaq DM processing a blunt-end primer template.
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