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SUMMARY

DNA polymerase fidelity is of immense biolog-
ical importance due to the fundamental re-
quirement for accurate DNA synthesis in both
replicative and repair processes. Subtle hydro-
gen-bonding networks between DNA polymer-
ases and their primer/template substrates are
believed to have impact on DNA polymerase
selectivity. We show that deleting defined in-
teractions of that kind by rationally designed
hydrophobic substitution mutations can result
in a more selective enzyme. Furthermore, a sin-
gle-atom replacement within the DNA substrate
through chemical modification, which leads to
an altered acceptor potential and steric demand
of the DNA substrate, further increased the se-
lectivity of the developed systems. Accordingly,
this study about the impact of hydrophobic
alterations on DNA polymerase selectivity—
enzyme and substrate wise—further highlights
the relevance of shape complementary and po-
lar interactions on DNA polymerase selectivity.

INTRODUCTION

DNA polymerase fidelity is essential for the integrity of the

genome of every living species. The fidelity of DNA poly-

merase catalysis is thus an important determinant of the

evolution of species and the origin of human diseases [1].

The selectivity of nucleotide insertion during DNA replica-

tion is believed to be achieved by editing of nucleotide ge-

ometry within a tight binding pocket [2–7]. Depending on

the DNA polymerase, insertion of noncanonical nucleo-

tides occurs to varied extent. Nevertheless, misinsertion

results in a nucleobase substitution only if a mismatched

primer terminus is extended efficiently without being

proofread. Thus, discrimination of a DNA polymerase to

efficiently extend mismatches is a critical determinant for

overall DNA replication fidelity [2–7]. Contacts of the

DNA polymerase with the minor groove of the primer/

template duplex have been cited as important factors in

achieving DNA polymerase mismatch extension selectivity

[2–7]. Extensive biochemical investigations on DNA
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polymerase/substrate interactions have been performed,

involving mutation studies [8–12] as well as the application

of chemically modified nucleoside probes [11, 13, 14].

These studies suggest that such interactions may indeed

function as sensor for the detection of mismatches in the

primer/template through presentation of aberrant accep-

tor patterns by the mispairs. DNA polymerases exhibiting

higher fidelity mainly interact with the minor groove

through specific hydrogen bonds with the N-3 atoms of pu-

rines and O-2 atoms of pyrimidines as acceptors [15–22].

In this context, it has been suggested that motif C plays

a key role not only in enabling catalysis but also to function

in a common mechanism of mismatch recognition in the

primer/template [16]. It is believed that minor groove hy-

drogen bonding of motif C residues to the second primer

nucleobase in A family and B family DNA polymerases

contributes to mismatch sensing (Figure 1A) [15, 16, 18–

21]. These interactions persist sequence independently

as long as the nucleobase pair has proper Watson-Crick

geometry [16, 23]. Motif C is a highly conserved sequence

in DNA polymerases [2–7, 16, 24]. This high conservation

could also reflect additional and central functions of this

motif. It was found for family A DNA polymerases (e.g.,

E. coli DNA polymerase I, Thermus aquatiqus DNA poly-

merase) that hydrophobic substitutions in motif C result

in enzymes that exhibit increased mismatch extension se-

lectivity [25, 26]. These findings suggest involvement of

motif C residues in extension selectivity of family B DNA

polymerases as well. However, the sequences of motif

C, e.g., in family A and B DNA polymerases, significantly

differ [16, 27, 28]. For family B DNA polymerases, a differ-

ent, albeit related, polar interaction comprising an aspar-

tate and lysine is believed to contact the DNA minor

groove (Figure 1A) [16]. The respective amino acids are

located in the YGDTDS and KXY motifs that are highly

conserved among family B DNA polymerases from eu-

karyotic, bacterial, and viral origins (Figure 1B) [29, 30].

Nevertheless, the function of this interaction in family B

DNA polymerase mediated synthesis has not been inves-

tigated. Here, we report on the impact of rationally de-

signed hydrophobic substitution mutations on the de-

picted interaction of motif C with the primer/template in

a family B DNA polymerase. We find that deleting the de-

fined polar interaction by hydrophobic substitution muta-

tions can result in a more selective enzyme. To our knowl-

edge, this is the first time that the selectivity of an already
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Figure 1. Design of Mutations and Chemical Modifications

(A) Minor groove interactions of motif C in family A and B DNA polymerases represented by BstI (PDB code 2BDP) [19] and RB69 (PDB code 1IG9) [16]

DNA polymerase ternary complexes, respectively. For clarity, the sugar-phosphate backbone for the primer strand is not depicted.

(B) Amino acid sequence alignments of motifs YG(D)TD and (K)XY in family B DNA polymerases. Rectangles highlight positions chosen for mutagen-

esis in Pfu DNA polymerase.

(C) Connolly surfaces showing the hydrogen-bonding capability of wild-type and mutant residues. Amino acid numbers define positions for Pfu DNA

polymerase. Red surfaces display H-bonding acceptors, and blue surfaces H-bonding donors.

(D) Chemical structures of thymidine and 2-thiothymidine.
high-fidelity family B DNA polymerase was increased.

Additionally, single-atom replacement within the DNA

substrate through chemical modification further increased

selectivity of the DNA polymerases described herein. Ac-

cordingly, this study about the impact of modifications on

DNA polymerase selectivity—enzyme- and substrate-

wise—indicates that in addition to shape, attenuation of

hydrogen-bonding capability can increase selectivity.

RESULTS

Rational Design of Biological and Chemical

Alterations—Structural Determinants

As target for our study, we chose the widely applied high-

fidelity Pyrococcus furiosus (Pfu) DNA polymerase for

mutation and subsequent evaluation [31–33]. In order to

minimize steric effects, the hydrophobic amino acid sub-

stitutions were designed in a way to be maximal isosteric.

Apparently, the DNA polymerase of phage RB69 (RB69) is

the sole B family DNA polymerase of which the structure of

a ternary complex is available. Amino acid alignments of

RB69 and Pfu DNA polymerases show that the residues

responsible for building the above mentioned salt bridge
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are highly conserved (Figures 1A and 1B). Thus, at the re-

spective positions in Pfu DNA polymerase aspartate was

replaced by leucine and lysine by methionine (Figure 1C).

Accordingly, a Pfu DNA polymerase single-mutant

D541L (henceforth named as ‘‘M1’’) and a double-mutant

D541L/K593M (henceforth named as ‘‘M2’’) were con-

structed and tested. Since we were interested in the intrin-

sic effects of mutations on key polymerization steps, we

employed an exonuclease deficient variant of Pfu DNA

polymerase. To further access effects of polarity and

size of the depicted interaction on primer processing, we

altered the acceptor potential and steric demand of the

DNA substrate. This was realized by employing primer

probes bearing a 2-thiothymidine residue (2ST) (Figure 1D)

at the 30 terminus of the primer strand.

PCR Activity, Specific Activity, and Selectivity

The resulting purified mutants were tested for PCR activity

under identical conditions. We found that mutant M1 was

incapable of yielding detectable amounts of PCR product

of the desired length (Figure 2A). The same results were

found for the single-mutant K593M (data not shown).

PCR activity is rescued by hydrophobic substitution of
lsevier Ltd All rights reserved
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Figure 2. PCR Activity, Specific Activity, Mismatch Extension, and Misinsertion of Wild-Type and Mutant DNA Polymerases

(A) PCR (25 cycles) conducted with equal amounts of the respective enzyme under identical reaction conditions.

(B) Specific activities of the respective enzymes in mmol dNTPs/pmol pol. The presented data derive from averages of independent experiments

repeated at least three times.

(C) Mismatch extension studies (with dATP only) conducted with the wild-type and double-mutant (M2) enzyme. Primer/template constructs resulting

in matched and mismatched complexes were employed as indicated. The first lane of each set represents a control without enzyme.

(D) Insertion and misinsertion of dNTP (as indicated) conducted with the wild-type and mutant M2. Partial sequences employed are depicted in the

figure.
the second amino acid. Quantification of the specific en-

zyme activity indicates that mutant M2 displays about

50% WT activity, whereas mutant M1 displays less than

4% WT activity (Figure 2B). Next, we qualitatively assayed

the wild-type and mutant M2 in their capability to extend

from matched and mismatched primers (Figure 2C). These

data show that the wild-type enzyme readily extends

a mismatch under the chosen conditions. Applying identi-

cal conditions to mutant M2 indicates that it has markedly

decreased mismatch extension efficiency. Next, we inves-

tigated the effects of mismatches located in the primer/

template distal to the 30 primer terminus. We found that

the mutant M2 is able to sense mismatches that are lo-

cated up to four positions upstream of the 30 primer termi-

nus to a greater extent compared to the wild-type and

translate their presence in reduced nucleotide insertion

efficiency (Figure 3).

Quantification of the mismatch extension selectivity

indicates that mutant M2 is 10-fold more selective in

comparison to the wild-type enzyme (Figure 4B). The 2-

carbonyl function of thymidines points toward the minor

groove and is a potential acceptor of the side chain of

K593 in Pfu DNA polymerase. When replacing oxygen
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with sulfur in this position, chemical modification of thymi-

dine results in reduced hydrogen-bonding capability and

moderately increased size compared to thymidine [34].

Primers containing the 2-thiothymidine were synthesized

as recently described [34] and employed in primer exten-

sion studies (Figure 4A). Apparently, the atom substitution

in the primer strand results in an increased mismatch ex-

tension selectivity of the wild-type enzyme. Noteworthy,

primer extension of the mismatched 2ST-primer/template

complex by the wild-type is strongly impaired after the

penultimate position. Quantification indicates that when

employing the chemically modified primer, the wild-type

enzyme is 2-fold more selective (Figure 4B). A more pro-

nounced effect was measured for combination of the bio-

logical and chemical alterations. Hydrophobic substitution

mutations of the enzyme and a single-atom replacement

in the primer result in a more than 25-fold increase in mis-

match extension selectivity over the wild-type enzyme

with natural substrate (Figure 4B). Additionally, the wild-

type and mutant enzymes exhibit increased steady-state

turnover rates when thiolated primers were employed.

Under these conditions, the turnover rate of mutant M2

on a matched primer/template complex is almost doubled
–194, February 2007 ª2007 Elsevier Ltd All rights reserved 187
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Figure 3. Recognition of Remote Mis-

matches of Wild-Type and Mutant DNA

Polymerases

The first lane of each set represents a control

without enzyme. Primer/template constructs

resulting in matched and mismatched com-

plexes, located at the 30-primer terminus or

up to four positions upstream. All reactions

contained equal amounts of the respective en-

zyme, dATP, and primer/template complex.

Sequences of primer and templates are indi-

cated in the figure. Underlined letters indicate

matched cases, nonunderlined indicate mis-

matched cases. N = A, G, C, or T, as indicated.
and exceeds the wild-type (Figure 4B). Hence, additional

activity of mutant M2 is rescued by the 2-thiothymidine

modified primer.

Next, we investigated whether mutations impact nucle-

otide-insertion selectivity. To begin with, data were ob-

tained from qualitative investigation of insertion selectivity

first. In contrast to the wild-type, mutant M2 misincorpo-

rates noncanonical nucleotides to a lesser extent (Fig-

ure 2D). In order to quantitatively probe misinsertion and

mismatch extension fidelity, kinetic parameters of the

systems created herein were determined. Quantitative

steady-state kinetic measurements under single com-

pleted hit conditions substantiate the results of the

described qualitative misinsertion experiments. The wild-

type misinserts dCTP and dGTP with almost equal effi-

ciency and dTTP with higher efficiency (Table 1). Com-

pared to the wild-type, mutant M2 displays a 4-fold

increase in misinsertion fidelity in case of dCTP misinser-

tion opposite to T (Table 1). Furthermore, for mutant M2,

no misinsertion was measurable for dGTP and dTTP under

the conditions applied. However, the insertion efficiency of

mutant M2 in terms of dATP opposite to T is decreased

by 2.5-fold (Table 1). Taken together, the mutant enzyme

displays higher insertion fidelity compared to the wild-

type enzyme as well.

Real-Time PCR Experiments

Next, we investigated whether the increased extension

selectivity of M2 persists under conditions routinely

employed in PCR and can be carried forward to allele-

specific PCR. Thus, we conducted real-time PCR experi-

ments with both the wild-type and mutant M2. The

obtained results show that mutant M2 is capable of dis-

criminating a T/G mismatch at the primer terminus,

whereas the wild-type is not (Figure 5). A difference of

the PCR cycle number of the threshold crossing (DCt) of

four to seven between the matched and mismatched

primer/template complexes can be detected for mutant

M2. This function persists even if the template concentra-
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tion is lowered by four orders of magnitude (Figure 5B).

Accordingly, the enhanced extension fidelity of M2 is ap-

parent under PCR conditions as well and can be carried

forward to allele-specific PCR.

DISCUSSION

The results presented in this study show that deletion of

a definite polar interaction between polymerase and

primer, which is believed to scan the primer strand

through the minor groove, results in an enzyme with higher

selectivity. Deletion of this interaction was realized by

rationally designed replacements of polar residues by hy-

drophobic amino acids of similar size. Although belonging

to the same DNA polymerase family, Pfu and RB69 DNA

polymerases share a sequence homology of only 16%.

Based on structural data of RB69 DNA polymerase, ratio-

nally designed mutations were introduced into Pfu DNA

polymerase. In accordance to previous reports [29, 30]

on mutations of the conserved residues Asp and Lys

(bold) in motifs YGDTDS and KXY, both single-mutants

Pfu-D541L and Pfu-K593M are strongly impaired in DNA

synthesis (Figure 2B and data not shown). As both muta-

tions were designed to be mostly isosteric in comparison

to the wild-type residues, impaired DNA synthesis of the

single mutants may derive from the hydrophobic nature

of the mutant residues. Loss of either of the two polar in-

teractions could lead to distortion of structural coordina-

tion within the motifs YGDTDS and KXY. Indeed, impaired

DNA synthesis in such mutants is attributed to the re-

duced ability to stabilize primer/template complexes at

the DNA polymerase active site [29, 30]. Combination of

both mutations in one enzyme (mutant M2) results in an

enzyme exhibiting half of the wild-type activity. A rationale

for this could be that structural coordination of the motifs

YGDTDS and KXY is somewhat restored by hydrophobic

interactions between L541 and M593 in a tight pocket of

the enzyme.
sevier Ltd All rights reserved



Chemistry & Biology

Increased DNA Polymerase Selectivity
Figure 4. Increase of Mismatch Extension Fidelity through Single-Atom Substitution and Hydrophobic Substitution Mutation

(A) Time course of primer extension reactions conducted with the indicated enzyme and nonmodified (T) and thiolated (2ST) primer strands under

otherwise identical reaction conditions. Reactions were stopped at 0, 2, 16, 30, and 60 min (lanes 1–5), respectively. Primer/template constructs re-

sulting in matched (X = A) and mismatched (X = G) complexes were employed as indicated. The first lane of each set represents a control without

enzyme.

(B) Histograms of steady-state turnover rates on matched (template A) and mismatched (template G) primer/template complexes. Steady-state turn-

over rates were obtained for nonmodified (T) and thiolated (2ST) primer strands under otherwise identical reaction conditions. The presented data

derive from averages of independent experiments repeated at least three times.
It has recently been proposed that when encountering

a mismatch, DNA polymerases actively misalign catalytic

residues in the active site and, by that, reduce the en-

zymes catalytic proficiency [35]. The enhanced selectivity

of mutant M2 could therefore derive from a more efficient

active misalignment when encountering a mismatched

primer/template caused by a destabilized active site. On

the other side, the discussed Asp-Lys primer bridge in

the wild-type enzyme might be able to stabilize a mis-

matched primer/template complex more efficiently than

the hydrophobic substitution mutant M2. Even mis-

matches in the primer/template, which are located distal

to the 30-primer terminus, cause distortions [14, 36, 37]

of the DNA enzyme complex that are sensed by the inter-

action of motif C (Figure 3). Additionally, although only

slightly enhanced, the misinsertion selectivity displayed

by mutant M2 suggests involvement of motif C in insertion

fidelity.
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In order to further substantiate the relevance of tight

fitting, substrate geometry, and hydrogen-bonding net-

works for accurate and efficient primer extension, we

altered the size and hydrogen-bonding capability of the

primer substrate through substitution of a carbonyl group

by thiocarbonyl (Figure 1D). Akin to results obtained

through investigation of 2ST insertion [38], thiolation of

a primer/template complex at the depicted position (Fig-

ure 1D) causes an increase in selectivity and activity. As

recently reported by Sintim and Kool, 2-thiothymidines

in DNA duplexes results in an increased stability and hy-

bridization selectivity [38]. As mentioned above, loss of

the Asp-Lys primer bridge might destabilize the active

site of mutant M2. In comparison to the wild-type, the

more pronounced effect of the 2-thiothymidine modifica-

tion on the turnover rate of mutant M2 could therefore de-

rive from the increased stability of the primer/template

complex employed. Furthermore, it has been shown
–194, February 2007 ª2007 Elsevier Ltd All rights reserved 189
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Table 1. Steady-State Analyses for Nucleotide Triphosphate Insertion and Misinsertion opposite a Template T

DNA Polymerase Wild-Type M2

Inserted Nucleotide KM (mM) Vmax (min�1) Efficiency Vmax/KM KM (mM) Vmax (min�1) Efficiency Vmax/KM

dATP 0.16 ± 0.09 85.94 ± 11.93 554.43 0.09 ± 0.04 20.12 ± 2.14 226.03

dGTP 38.16 ± 11.12 18.90 ± 1.32 0.49 n.a. n.a. n.a.

dCTP 8.70 ± 2.53 4.59 ± 0.27 0.53 10.27 ± 3.67 1.45 ± 0.09 0.14

dTTP 21.40 ± 7.75 36.98 ± 2.61 1.73 n.a. n.a. n.a.

n.a., not accessible. Only negligible amounts of nucleotide insertions (<1%) were observed when up to 10 nM mutant M2 and up to

1.2 mM (higher dNTP concentrations cause inhibition of reaction) of the corresponding dNTP were applied. The presented data

derive from averages of independent experiments repeated at least three times.
that, for example, E. coli DNA polymerase I (Klenow frag-

ment) shows a kinetic preference for certain base analogs

with increased sizes compared to the natural ones [39].

The slightly increased size of 2-thiothymidine could there-

fore additionally account for the enhanced turnover rates

of both wild-type and mutant M2. As recently described,

2-thiothymidine/G mispairing was significantly sup-
190 Chemistry & Biology 14, 185–194, February 2007 ª2007 E
pressed [38]. Taking into account that a T/G mismatch

builds a wobble base pair conformation in the active site

of a family A DNA polymerase [36], the 2-thio modification

possibly destabilizes this conformation through its in-

creased sterical demand and lowered H-bonding capabil-

ity. Although no such structural information is available for

family B DNA polymerases, our results suggest this as
Figure 5. Real-Time PCR Experiments with Equal Amount and Equal Activity of Pfu DNA Polymerases and Template Dilutions

Series

(A) Wild-type and mutant M2 at equal concentrations (20 nM, two left panels) and 40 nM of mutant M2 for equal activity.

(B) Real-time PCR experiments with template dilutions and equal amounts of Pfu DNA polymerases (20 nM). All reactions included 0.5 mM of each

primer, 200 mM dNTPs, 0.4 3 SybrGreen, and 40 pM template FarA (black) or FarG (gray) or dilutions thereof as depicted in the figure, respectively.
lsevier Ltd All rights reserved
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a possible mechanism for the enhanced mismatch exten-

sion fidelity when employing 2-thiothymidine modified

primers.

Besides giving new insights into DNA polymerase fidel-

ity mechanisms, the developed systems could find imme-

diate application, for example, in advancement of geno-

typing methods [26, 40, 41]. The merit along this line of

mutant M2 is the identification of a single nucleotide vari-

ation by allele-specific real-time PCR (Figure 5). In this

method, signal generation relies on the tolerance of the

mutant to the presence of SYBRgreen. These improved

properties are evidenced by comparing amplification

curves resulting from matched and mismatched primer/

template complexes (Figure 5). In terms of these methods,

single nucleotide variation diagnostics are feasible only if

the double mutant is employed. This makes mutant M2

readily available for needs in efficient genotyping.

Additionally, it has been recently shown that DNA poly-

merase selectivity is directly linked to diseases like cancer

[42, 43]. In some cancer cell lines, mutated DNA polymer-

ases were found that exhibit lower selectivity than the

wild-type enzymes [42]. Eukaryotic DNA polymerases

that catalyze most of the DNA synthesis during replication

exhibit the same sequence motifs as the herein-investi-

gated enzyme [29, 30]. Thus, the depicted results might

provide a rationale to increase the selectivity of these en-

zymes and study the effects on cell proliferation. So far,

the herein-depicted amino acid substitutions have been

studied exclusively. It remains to be elucidated whether

other amino acid combinations at the respective positions

may cause the similar effects as found for M2.

SIGNIFICANCE

Fidelity mechanisms of DNA polymerases are not fully

understood. This study investigates the role of a highly

conserved DNA polymerase motif for DNA polymerase

selectivity. Our results give new insights into fidelity

mechanisms of family B high-fidelity DNA polymer-

ases and describe for the first time, to our knowledge,

the increase of the selectivity of a family B DNA poly-

merase. The impact of rationally designed hydropho-

bic substitution mutations of a distinct polar interac-

tion with the DNA template and single-atom

replacement in the DNA template has been investi-

gated. These modifications result in systems with

higher selectivity. Our results are in conformity with

findings for family A DNA polymerases and suggest

a common mechanism. Furthermore, the hypothesis

for motif C being a common mismatch sensor in DNA

polymerases is supported as well as the relevance of

hydrogen bonding, in addition to shape, for DNA poly-

merase selectivity highlighted. The combination of bi-

ological and chemical alterations leading to a more se-

lective system has not been shown before, and the

increased mismatch extension selectivity of devel-

oped systems may find applications, for example, in

advancement of methods for genotyping such as al-

lele-specific PCR. Additionally, it has been recently
Chemistry & Biology 14, 185
shown that diseases like cancer are directly linked to

DNA polymerase selectivity. Mutated DNA polymer-

ases found in some cancer cell lines exhibit lower se-

lectivity in comparison to the respective wild-type en-

zymes. Major parts of replicative DNA synthesis are

catalyzed by eukaryotic DNA polymerases that exhibit

the same sequence motifs as the herein-investigated

enzyme. Thus, the depicted results might provide a ra-

tionale to increase the selectivity of these enzymes

and study the effects on cell proliferation.

EXPERIMENTAL PROCEDURES

Pfu DNA Polymerase Mutation, Expression, and Purification

All Pfu DNA polymerases carried two amino acid replacements, D141A

and E143A, which eliminate the 30-50 exonuclease activity. Mutant

phenotypes D541L and K593M were introduced into the Pfu DNA poly-

merase ORF via the QuikChange method (Stratagene) with the follow-

ing primers: Pfu-L541QC1, 50-d(GGA TTT AAA GTC CTC TAC ATT TTA

ACT GAT GGT CTC TAT GC)-30; Pfu-L541QC2, 50-d(GCA TAG AGA

CCA TCA GTT AAA ATG TAG AGG ACT TTA AAT CC)-30; Pfu-

M593QC1, 50-d(GGA TTC TTC GTT ACG AAG ATG AGG TAT GCA

GTA ATA G)-30; and Pfu-M593QC2, 50-d(CTA TTA CTG CAT ACC

TCA TCT TCG TAA CGA AGA ATC C)-30. Expression of all Pfu DNA

polymerases (in pETPfu) was conducted in E. coli BL21 (DE3) pLysS.

Expression cultures were inoculated with 2% of an overnight culture

grown at 30�C, and expression was induced at OD600 = 0.5 with

IPTG at a final concentration of 1 mM. After 4 hr of expression, cultures

were centrifuged at 5300 3 g for 30 min. All cultures were grown in LB

medium (Roth) with 34 ng/ml kanamycin and 34 ng/ml chloramphenicol.

Collected cell pellets were resuspended in lysis-buffer (10 mM Tris-HCl

[pH 9.55], 300 mM NaCl, 0.1% Triton X-100, 1 mM benzamidine, 1 mM

Pefabloc [Roth], 1 mg/ml lysozyme, 5 ml lysis buffer/50 ml culture) and

lysed at 37�C for 10 min. E. coli proteins were denaturated through

heating to 75�C for 45 min with a subsequent centrifugation at

25,000 3 g for 30 min at 4�C. Centrifuged expression lysates were in-

cubated with pre-equilibrated (in 10 mM Tris-HCl [pH 9.55], 0.3 M

NaCl, 0.1% Triton X-100) NTA-matrix (QIAGEN, 2–3 ml slurry/20 ml ly-

sate) for 20 min at 4�C in an overhead shaker. The NTA matrix was then

washed twice with NTA-wash-buffer (10 mM Tris-HCl [pH 8.1],

100 mM NaCl, 0.1% Triton X-100, 20 mM imidazole), and protein

was eluted twice with NTA-elution-buffer (10 mM Tris-HCl [pH 8.1],

100 mM NaCl, 0.1% Triton X-100, 150 mM imidazole).

Resulting protein solutions were applied to a Sephacryl S-300 High

Resolution (Amersham) column, pre-equilibrated with 150 mM Tris-

HCl (pH 8.2) and 0.3 mM EDTA in order to exchange buffer and remove

imidazole and residual protein impurities. Fractions containing Pfu

DNA polymerase were pooled and 203 concentrated by VIVASPIN

20 50000 MWCO PES. Purified DNA polymerases were stored in Pfu

storage buffer (50 mM Tris-HCl [pH 8.2], 0.1 mM EDTA, 1 mM DTT,

0.05% CHAPS, 50% glycerol) and were >95% pure as verified by

SDS-PAGE. Protein concentrations were measured via the Bradford

assay (Roth) with a BSA-standard (PIERCE albumin standard) curve.

PCR Experiments

PCR experiments were conducted in an overall volume of 50 ml. Reac-

tions included 10 ng template (pETPfu WT exo�) [44] in Pfu reaction

buffer (20 mM Tris-HCl [pH 8.8 at 25�C], 2 mM MgSO4, 10 mM

[NH4]2SO4, 10 mM KCl, 0.1% [v/v] Triton X-100, 0.1 mg/ml BSA). Final

enzyme concentration in all reactions was 150 nM with dNTPs (200 mM

each) and primers (0.2 mM each): primer 1, 50-d(GGT ATT GAG GGT

CGC ATG ATT TTA GAT GTG GAT TAC ATA ACT G)-30; primer 2, 50-

d(AGA GGA GAG TTA GAG CCC TAG GAT TTT TTA ATG TTA AGC

CAG GAA G)-30. The following cycle program was applied: 95�C

1 min and then 25 cycles with 95�C for 1 min, 55�C for 1 min, 72�C

for 3 min, and a final elongation step at 72�C for 5 min. Reaction
–194, February 2007 ª2007 Elsevier Ltd All rights reserved 191
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products were separated on a 0.8% agarose gel and stained with

ethidium bromide (Figure 2A).

Primer Extension Assays

Primer/template substrates were annealed by mixing 50-32P-labeled

primer and template in Pfu DNA polymerase reaction buffer (20 mM

Tris-HCl [pH 8.8], 10 mM [NH4]2SO4, 10 mM KCl, 0.1% Triton X-100,

0.1 mg/ml BSA, 2 mM MgSO4). The mixture was heated to 95�C for

5 min and subsequently cooled down to 20�C over 30 min. After an-

nealing, reactions were initiated by addition of 10 ml enzyme and

dNTP solution in 13 reaction buffer to 10 ml annealing mix. All reactions

were incubated at 68�C for 5 min, including 22.5 nM of each enzyme,

200 mM dATP only (Figure 2C), or 200 mM of each dNTP (Figure 2D) and

150 nM primer/template complex. Sequences for the Figure 2C: primer

FT20T (50-d[CGT TGG TCC TGA AGG AGG AT]-30) and template strand

F33A (X: A) (50-d[AAA TCA ACC TXT CCT CCT TCA GGA CCA ACG

TAC]-30), F33G (X: G), F33C (X: C), and F33T (X: T). Sequences for

Figure 2D: FT20T and F33A, respectively. After incubation, reactions

were quenched by addition of two reaction volumes of gel-loading

buffer (80% formamide, 20 mM EDTA), and product mixtures were an-

alyzed by 12% denaturating PAGE with subsequent phosphorimager

analysis (Figures 2C and 2D).

Primer Extension Assays—Time Course

These primer extension reactions (Figure 4A) were conducted as de-

scribed in Primer Extension Assays including the following alterations.

The reactions were quenched after incubation for the indicated time (0,

2, 16, 30, 60 min) and comprised 60 nM of each enzyme, 100 mM of

each dNTP, and 150 nM primer/template complex. Sequences: primer

FT20T or FT202ST (50-d[CGT TGG TCC TGA AGG AGG A2ST]-30) and
2ST: 2-thiothymidine residue, respectively. Template strands: F33A or

F33G, respectively.

DNA Polymerase Activity Determination

Primer/template (FT20T/F33A) complexes were annealed, and the re-

action initiated described in Primer Extension Assays. The reactions

contained varying enzyme amounts (1–80 nM), 100 mM dNTPs, and

150 nM primer/template complex. After incubation for 10 min at

68�C, reactions were quenched by addition of two reaction volumes

of gel-loading buffer (80% formamide, 20 mM EDTA), and product

mixtures were analyzed by 12% denaturating PAGE. Activity was

measured by quantifying the intensity of each band produced by the

respective DNA polymerase with a Phosphorimager. From this quanti-

fication, the amount of incorporated nucleotides was calculated. The

total amount of incorporated nucleotides for each reaction equals

the sum of incorporated nucleotide of each band. The presented

results (Figure 2B) are from measurements that were independently

repeated at least three times.

Steady-State Mismatch Extension Kinetics

Primer/template (FT20T/F33A or F33G and FT202ST/F33A or F33G,

respectively) complexes were annealed and the reaction initiated as

in Primer Extension Assays. The reactions contained 100 mM dNTPs

and 150 nM primer/template complex, at given enzyme amounts

(0.5–75 nM). The reactions were incubated at 68�C, quenched after

varying time intervals (2–120 min) by addition of two reaction volumes

of gel-loading buffer (80% formamide, 20 mM EDTA). Product mix-

tures were analyzed by 12% denaturating PAGE. Activity was mea-

sured by quantifying the intensity of each band produced by the

respective DNA polymerase with a phosphorimager. From this

quantification, the amount of incorporated nucleotides per time was

calculated. The total amount of incorporated nucleotides for each

reaction equals the sum of incorporated nucleotide of each band.

The presented results (Figure 4B) are from measurements that were

independently repeated at least three times.
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The primer/template (FT20T/F33A) complex was annealed and the re-

action initiated as described in Primer Extension Assays. The reactions

contained varying amounts of dATP, dGTP, dCTP, or TTP (5 nM–1 mM)

and 150 nM primer/template complex, with varying enzyme amounts

(0.5–5 nM). The reactions were incubated at 68�C, quenched after

varying time intervals (10–60 min) by addition of two reaction volumes

of gel-loading buffer (80% formamide, 20 mM EDTA). Reaction condi-

tions were adjusted for different reactions to allow 20% or less primer

extension ensuring single completed hit conditions according to pub-

lished procedures [45]. Product mixtures were analyzed by 12% dena-

turating PAGE, and data were quantified by phosphorimager analysis.

The presented results (Table 1) are from measurements that were inde-

pendently repeated at least three times.

Recognition of Remote Mismatches

Primer/template complexes (sequences as indicated in Figure 4) were

annealed as described in Primer Extension Assays. After annealing, re-

actions were initiated by addition of 10 ml enzyme and dATP solution in

13 reaction buffer to 10 ml annealing mix. Assays included 200 mM

dATP and 22.5 nM of each enzyme. Reactions were incubated at

68�C for 5 min. After incubation, reactions were quenched by addition

of two reaction volumes of gel-loading buffer (80% formamide, 20 mM

EDTA), and product mixtures were analyzed by 12% denaturating

PAGE with subsequent phosphorimager analysis (Figure 3).

Synthesis of Oligonucleotides Containing 2ST

2-Thio-50-O-(4,40-dimethoxytrityl)-thymidine (catalog number PY 7510)

was purchased at Berry & Associates, Inc. DNA oligonucleotides were

synthesized on a 0.2 mmol scale on an Applied Biosystems 392 DNA

synthesizer, with commercially available 2-(cyanoethyl)phosphorami-

dites. A standard method for 2-(cyanoethyl)phosphoramidites was

used, with the exception that the coupling times from the modified nu-

cleotides were extended to 10 min. Yields for modified oligonucleo-

tides were similar to those obtained for unmodified oligonucleotides.

After synthesis (trityl off) the oligonucleotides were cleaved from the

support by treatment with conc. NH4OH at RT for 24 hr. Subsequently

NH4OH was removed, and the oligonucleotide was purified by prepar-

ative electrophoresis on a 12% polyacrylamide gel containing 8 M

urea. DNA oligonucleotides were recovered by standard precipitation

with ethanol in the presence of 0.3 M sodium acetate. The oligonucle-

otides were purified a second time by using RP-HPLC with 0.1 M trie-

thylammonia acetate buffer (pH 7). Incorporation of 2ST was also ver-

ified spectroscopically by the characteristic absorption band 277 nm.

After removal of the solvent, the oligonucleotides were dissolved in

water and quantified by absorption measurements at 260 nm. The

integrity of all modified oligonucleotides was confirmed by MALDI-

ToF (Metabion GmbH). MALDI-ToF MS: expected 6229.1, found

6234.4 for 50-d(CGT TGG TCC TGA AGG AGG A2ST)-30.

Real-Time PCR Experiments

Real-time PCR was performed by using an iCycler (BIORAD) system.

The reactions were performed in an overall volume of 20 ml containing

40 pM of the respective templates in Pfu DNA polymerase buffer

(20 mM Tris-HCl [pH 8.8], 10 mM KCl, 10 mM [NH4]2SO4, 2 mM

MgSO4, 0.1% Triton X-100, 0.1 mg/ml nuclease-free bovine serum al-

bumin). The final mixtures contained dNTPs (200 mM each of dATP,

dGTP, dCTP, and TTP), primers (0.5 mM each of respective primer

probe and reverse primer), 0.43 SybrGreen solution (Sigma), and

Pfu DNA polymerases as indicated in the figures. PCR was performed

employing the following program: initial denaturation at 95�C for 3 min

followed by 40 cycles of denaturation at 95�C for 30 s, primer annealing

at 55�C for 35 s, and extension at 72�C for 40 s. The presented results

(Figure 5) are from at least three times repeated independent measure-

ments of duplicates that originated from one master mix. DNA se-

quences applied: primer probe FT20T, reverse primer, 50-d(CGC

GCA GCA CGC GCC GCC GT)-30; target template FarX, 50-d(CCG

TCA GCT GTG CCG TCG CGC AGC ACG CGC CGC CGT GGA
Elsevier Ltd All rights reserved
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CAG AGG ACT GCA GAA AAT CAA CCT XTC CTC CTT CAG GAC CAA

CGT ACA GAG)-30; X: A, FarA; G, FarG.
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