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The fidelity of DNA polymerase activity is of central
importance for numerous biotechnological applications.?!
The imperfect fidelity of DNA polymerases under the
unnatural conditions of several techniques such as those of
the polymerase chain reaction (PCR) either restricts the
application of these enzymes or demands their tedious
optimization. Thus, a prime target for the design of DNA
polymerases with altered functions is high fidelity in the
formation of Watson—Crick base pairs during DNA synthesis.
Progress in this area generates valuable tools for many
biological applications like PCR, sequencing protocols, muta-
genesis techniques, and genotyping. Through the engineering
of DNA and RNA polymerases, it has been possible to design
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enzymes that accept dideoxynucleoside triphosphates,®!
exhibit an altered substrate spectrum and lower fidelity,
higher thermostability, decreased activity at low temper-
atures, and enhanced resistance to inhibitors.™!

Herein, we describe an efficient automated high-through-
put setup for the rapid parallel screening of DNA polymerase
mutant libraries. The readout is based exclusively on enzyme
activity through detection of the reaction product by fluores-
cence. By the randomization of a gene cassette of the Klenow
fragment of E.coli DNA polymerase I (3'—5"-exonuclease
deficient, KF~) and subsequent comparative automated
screening, several active variants with significantly higher
extension fidelity than the wild-type enzyme were identified.
The new properties of mutated KF~ forms were transferred to
the thermostable Thermus aquaticus (Tag) DNA polymerase
to provide tools that supersede the wild-type enzyme in highly
accurate PCR-based genotyping techniques.

Motif C was recently suggested to be involved in a
reaction mechanism shared by members of the A and B
families of DNA polymerases, in which mismatches in the
primer—template substrate are recognized through indirect H-
bonding between the minor groove and a histidine side chain
(Figure 1).°! This B-strand—turn—B-strand structure harbors
acidic side chains that bind catalytically essential magnesium
ions, reflected in the high conservation among family A DNA
polymerases like KF~, and also among sequence families B,
RT, X, single subunit RNA polymerases, and the lesion bypass
DNA polymerases of family Y. Therefore, motif C seemed a
promising target for directed polymerase engineering through
focused randomization and subsequent screening.

To modify motif C, we constructed a library of 1316 KF~
mutants randomized at the consensus residues 879-881
(Q879, V880, and H881)." This QVH consensus sequence is
directly adjacent to the essential catalytic carboxylate group
of D882 and forms the main part of a loop that connects the
two P strands of motif C. It closely interacts with the
deoxyribose moiety of the 3'-terminal primer nucleotide
(Figure 1b).

Protein expression was conducted in 96-well plates.
Enzymes were screened directly after lysis and dilution, and
further purification steps were not required. DNA poly-
merase activity was monitored after reaction termination by
quantitation of synthesized double stranded DNA through
staining with Sybr greenI (Figure 1c). This setup links
enzyme activity to a signal without the need for artificial
substrates, which could interfere with the enzymatic reaction.
To determine if DNA binding and modifying agents or
bacterial DNA in the crude lysate perturbs signal generation,
we assayed lysates of E. coli expression cultures containing
the KF~ wild-type coding vector against those without the
KF~ coding vector. Fluorescence measurements revealed low
background activity of the negative control with a consid-
erable signal-to-noise ratio of = 5:1. This enabled the assess-
ment of a large dynamic range in enzyme activity.

We assayed single clones in 384-well plates for the ability
to extend primer-template complexes with either a Tpyme/
A empiare Match or a T/G mismatch at the 3’ end of the primer
(Figure 1). An automated pipetting device and the fluores-
cent readout allowed the screening and evaluation of 384
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Figure 1. Structural properties of motif C and screening for DNA polymerase variants with increased selectivity. a) Overall view of Bst DNA
polymerase | (PDB entry 2BDP), which shares high homology with KF~."®l The enzyme is shown in gray, motif C in green. The substrate DNA is
depicted as a Connolly surface with primer in orange, and template strand in yellow. b) Detailed view of the turn of motif C and the two nucleotide
pairs at the 3’ terminus of the primer. For clarity, the sugar—phosphate groups are not depicted for each nucleotide. Primer nucleotides are in
orange, template nucleotides in yellow. The indirect hydrogen bond between N3 of histidine (blue) and the 3'-penultimate primer nucleotide is
shown in black and is mediated by a water molecule (red sphere). c) General scheme of the screening approach for DNA polymerases with
increased extension fidelity. Enzyme variants that extend the canonical primer—template duplex but fail to extend the noncanonical duplex are
identified with the DNA duplex-specific dye Sybr green | in a subsequent fluorescence read-out.

reactions in approximately 40 minutes. Extension fidelity was
measured by determining the ratios of fluorescence of primer
extensions from matched versus mismatched substrates. The
template sequences were derived from the human single
nucleotide polymorphism (SNP) G1691A of the Factor V
Leiden (FVL) gene.®! The screen revealed considerable
mutability of the targeted QVH sequence. Despite the fact
that this motif is highly conserved among several DNA and
RNA polymerase families,'”! 47% of the mutants exhibited
measurable primer extension activity.

The three most selective mutants, PLQ, LVG, and LVL,
were chosen for further characterization. First, we assayed the
purified enzymes in radiometric primer extensions (Figure 2).
All possible base-pair combinations at the primer 3’ terminus
were tested under conditions that promote mismatch exten-
sion: excess enzyme over primer—template complex and high
dNTP concentrations.”! Measurements revealed that wild-
type KF~ is capable of extending almost all mismatches under
the chosen conditions, albeit to varying extents consistent
with previous- studies (Figure 2b).”) In contrast, all three
selected mutants show a marked decrease in the efficiency of
mismatch extension. Particularly, mutant LVL fails to fully
extend mismatched primer termini in most cases. Steady-state
kinetics measurements of single-nucleotide extensions show
that in all cases of processing a properly matched primer—

template complex, mutants display similar steady-state Kk,
values as the wild-type enzyme.[’! K, values of the mutants
were generally higher than those for wild-type KF~, reflected
by a slight decrease in DNA synthesis efficiency by the
mutant forms. Remarkably, no significant elongation of
mismatched primer termini by the mutants was detected
under steady-state and single-turnover conditions, whereas
the results obtained for wild-type KF~ are consistent with
previous reports.””! This indicates that the k., values for all
base-pair combinations assayed were drastically lower for the
KF~ variants than for the wild-type polymerase. Binding
studies were performed to determine whether the effects on
mismatch extension fidelity are caused by a decrease in
substrate-binding affinity in the mutants.”) Interestingly, only
mutant PLQ exhibits a significant decrease in binding affinity
to a mismatched primer terminus. For this reason, altered
binding affinity does not generally appear to be mandatory
for an increase in mismatch extension fidelity.

We next investigated whether the observed effects could
be transferred to wild-type Tag DNA polymerase (Taq wt).
Though 7ag wt and KF~ are both members of the DNA
polymerase family A, they differ in several properties such as
thermostability and fidelity.'” The 7ag QVH consensus
sequence was mutated into LVL and the extension fidelity
of the resulting mutant polymerase was investigated. We
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Figure 2. Increased primer extension fidelity of the KF~ mutants PLQ,
LVL, and LVG (positions 879-881) in comparison with the wild-type
enzyme in different sequence contexts. The conditions were chosen to
promote mismatch extension. All reactions contained equal amounts
of primer—template complex, enzyme, and dNTPs.” a) The sequence
of the primer—template duplex employed is derived from the human
FVL SNP G1691A."1 b) Primer extensions catalyzed by the depicted
enzyme variants. The first lane of each gel represents a control reac-
tion without enzyme. Nucleotide sequences at the 3’ end of the primer
are shown on top of each gel image. Unextended primer (20nt) and
full-length product (35nt) are indicated at the left side of each image.
X=3'-terminal primer nucleotide, Y =template nucleotide pairing with
X leading to matched (bold) or mismatched primer termini.”

conducted primer extension reactions in three sequence
contexts that contain prominent SNPs.'?l These experi-
ments show that there are only subtle differences between the
extension of matches and mismatches with 7ag wt under the
chosen conditions (Figure 3).

In contrast, the mutant 7aqg DNA polymerase (7ag LVL)
is clearly capable of discriminating transversion and transition
SNPs (Figure 3). Tag LVL might greatly expand the technical
scope and allow an improvement of PCR-based techniques
like allele-specific PCR (asPCR).' To test the applicability
of TagLVL for asPCR, we performed real-time PCR
reactions with the substrate sequence contexts described
above. We measured the difference in the threshold-crossing
cycle number (AC,) between a matched and a mismatched
primer-template complex (Figure 3). 7ag wt displays weak or
no discrimination, whereas 7ag LVL leads to AC, values of 10
for all sequence contexts. Therefore, the mutant 7ag LVL
shows greater discrimination than 7ag wt in asPCR, regard-
less of the sequence context applied or enzyme and template
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Figure 3. The impact of LVL mutations on the fidelity of Tag DNA poly-
merase within three sequence contexts. Top panel: partial nucleotide
sequences of primer—template complexes used for primer extensions.
The first lane of each gel represents a control reaction without enzyme.
The lengths (nt) of primer and full-length product are shown on the
left side of each gel; E=enzyme, X=template nucleotide. Lower
panel: real-time allele-specific PCR experiments with either wild-type or
mutant LVL Tag DNA polymerase in three sequence contexts.” Solid
lines: wild-type Tag DNA polymerase; dashed lines: LVL Tag DNA poly-
merase; black: matched primer-template substrates; gray: mis-
matched primer—template substrates. Experiments conducted in a) the
human BRAF somatic SNP T1796A, b) in the human DPYD SNP
G735A, and c) in the FVL SNP G1691A sequence context.”

concentrations tested, as shown in additional experiments
(Supporting Information).”

In summary, the identification of several active DNA
polymerase variants that display increased primer extension
fidelity shows that none of the chosen amino acid positions is
essential for catalysis, and that all positions tolerated sub-
stitutions. However, the nature of the side chain of V880
seems to be most conserved, as all identified active and more
selective mutants bear a nonpolar amino acid side chain at
this position. Furthermore, the absence of any charged
residues within the selected active mutants indicates that
the introduction of ionic residues in this region might
inactivate the enzyme by interference with D882, the
magnesium ions, or the incoming dNTP substrate.

The fact that the apparent increased fidelity is not limited
to the sequence context employed during screening, is
suggestive of a common mechanism for error sensing. It was
recently proposed that the histidine group of QVH might be
involved in DNA polymerase extension fidelity mechanisms
by editing H-bonding patterns in the minor groove of the
primer—template duplex (Figure 1b).”) One of the mutants
that exhibits increased extension fidelity has three amino acid
substitutions at the targeted site (QVH to PLQ), in which a
glutamine side chain replaces histidine at position 881. As
mentioned above, glutamine can often replace the H-bond
donating ability of the imidazole ring of histidine.'"! Thus,
improved editing of H-bond patterns by Q881 in the context
of the PLQ sequence might be the cause for the increased
fidelity in this variant. However, we identified mutants LVG



and LVL, both of which lack hydrogen bonding capability
within the wild-type QVH region, yet have significantly
higher extension fidelity. Thus, abolishing hydrogen bonding
to the minor groove results in enhanced polymerase fidelity.
Similar results for another KF~ variant (H881A) were
recently reported.!” The origins of the observed selectivity
currently remain elusive. It could be that a loss of hydrogen
bonding in a complex that is already destabilized (upon
mismatch extension catalysis) actually facilitates the editing
capacity over that of the wild-type polymerase, in which
hydrogen bonding is present.

The approach of rapid DNA polymerase screening
discussed herein, which has led to highly valuable enzyme
variants, can be used to further tailor DNA polymerase
activities for obtaining insight into biological processes and
new tools for biotechnological applications.
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