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The ability of DNA polymerases to selectively copy a template
strand according to the Watson—Crick rule is crucial for the sur-
vival of any species. Besides editing the insertion of a canonical
nucleotide opposite the corresponding template nucleobase,
most DNA polymerases proceed with extension from mis-
matched primer termini with significantly diminished efficiency
compared to matched substrates." This is a crucial parameter
for the prevention of inadvertent sealing of mutations and
might allow other cellular processes to come into play to
repair the nascent DNA strand.™ Thus, mismatch extension dis-
crimination significantly contributes to overall DNA polymerase
selectivity.! Several crystal structures of DNA polymerases
bound to their substrates indicate that the enzymes make
complex interactions with the primer-template complex and
nucleotide substrates during catalysis of DNA polymerization.”?
Contact points with the primer-template complex are mani-
fold and reach upto several nucleotide pairs beyond the cata-
lytic center. These points of enzyme contact with the primer-
template complex might be responsible for the observed
discrimination of mismatch extension through auditing of
Watson-Crick hydrogen bonding patterns as well as shape
complementary." Interestingly, it has been shown for Escheri-
chia coli DNA polymerase |, that it transfers the primer strand
to its 3'-5'-exonuclease site even when mismatches are located
at distal positions beyond the catalytic center.” Here we show
that the auditing of canonical base pairing within the primer—
template duplex applies to DNA polymerases that are deficient
of 3'-5’-exonuclease functionality and also originate from differ-
ent DNA polymerase families. Interestingly, DNA polymerase
discrimination of canonical over noncanonical duplexes con-
taining single mismatches up to four nucleotide positions
beyond the catalytic center, is further increased through chem-
ical modification of the primer strands. We show that these
features can be exploited for efficient DNA diagnosis by em-
ploying real-time polymerase chain reaction (PCR).

To test the action of distal mismatches in the primer-tem-
plate complex on DNA polymerase function, we designed
primer template complexes in which mismatches were moved
from the 3’-terminal position up to five positions away from
the catalytic center (Figure 1A). These DNA duplexes served as
substrates for single nucleotide (i.e., dAMP) insertion opposite
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Figure 1. A) DNA substrates, B) single nucleotide insertion catalyzed by Tag DNA polymerase, C) single nucleotide inser- can be
tion catalyzed by Vent exo~ DNA polymerase. All reactions contained equal amounts of the respective enzyme, dATP,
and unmodified primer template complex. M: marker. Sequences of primer and templates are indicated in the figure.
Green indicates matched cases, red indicates mismatched cases. N=A, G, G, or T, as indicated in panels B and C.

the canonical T residue in the template strand. We investigated
two DNA polymerases deficient of 3'-5-exonuclease activity:
Thermus aquaticus (Tag) DNA polymerase, a member of DNA
polymerase family A and an exonuclease deficient mutant DNA
polymerase of the archaea Thermococcus litoralis (Vent exo~
DNA polymerase), an enzyme from DNA polymerase family B.”

First, we evaluated the effects of distal mismatches within
the primer template duplexes on both enzymes. As apparent
in Figure 1B, most mismatches within the primer template
complex significantly diminished nucleotide insertion by Taq
DNA polymerase, whereas under identical conditions matched
complexes were efficiently extended.

Mismatch discrimination seems to be most significant at po-
sition + 1, but remained significant for most of the mismatch-
es even when they were located distal to the catalytic center
at positions +2 to +4. As of position +5, no significant dis-
crimination could be detected. Vent exo™ DNA polymerase was
also able to detect single nucleotide mismatches remote from
the catalytic center (Figure 1C). In these cases no strong pref-
erence for the location of a respective mismatch in between
position +1 to +4 was observed. Interestingly, although both
enzymes are members of different DNA polymerase families
with little sequence homology,” they continue with DNA syn-
thesis at lower efficiency even when mismatches are located
up to four nucleotide moieties distal to the 3'-primer terminus.
The ability of DNA polymerases to distinguish between canoni-
cally and noncanonically paired primer template duplexes fur-
ther adds to overall enzyme fidelity." This additional control
might be caused by intensive contact of the enzymes with the
primer-template stem, which are indicated by several crystal
structures of DNA polymerases bound to the DNA substrate.”!

The feature of DNA polymerases to transmit the presence of
a single mismatch in the primer template into significantly less
efficient DNA synthesis might be carried forward to new or im-
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tween a match versus single nu-
cleotide mismatches located at
the 3’-terminal primer position
achieved.”®  Thus,
matched primer-template du-
plexes are amplified with signifi-
cantly higher efficiency com-
pared to mismatched ones; this
can lead to a conclusion about the sequence opposite the 3'-
primer terminus. Based on our findings described herein, we
asked whether remote mismatches within the primer-template
complex are also discriminated with PCR. Such a desired ability
would significantly extend the approach of allele-specific PCR.
First, we conducted primer extension reactions under similar
conditions applied in PCR reactions and compared unmodified
with 4'-vinylated primer probes in their specificity. As shown in
Figure 2, under the conditions applied, unmodified probes are
extended without any significant discrimination between
matched and single mismatched complexes while the intro-
duction of a single 4-vinyl group at the 3’-primer terminus
causes a significant increase in discrimination.

Thus, even when a single mismatch is located at remote po-
sitions within the primer-template complex, extension selectiv-
ity was significantly enhanced through 4’-vinylated probes.
These effects persist until position +4. Interestingly, the ob-
served effects are independent of the mismatch sequence.
Measured melting curves of unmodified and 4’-vinylated com-
plexes containing mismatches at distal positions indicate that
the modification has no significant impact on thermal stability
(results not shown). Thus, the observed effects are likely to be
caused by differential enzyme-substrate interactions. These re-
sults support the notion that enzyme conformational changes
occur globally, as does checking for correct Watson-Crick base
pairing in the primer-template complex.”! We believe that the
observed effects of the modified substrates originate from
these global enzyme transitions, which are triggered by mis-
matches at remote positions. These changes are monitored by
the added bulk at the 4'-vinylated primer terminus, which
decreases the propensity of extension of the geometrically
altered, that is, mismatched primer-template, by the enzyme.

Next, we investigated whether we are able to exploit the ob-
served features in an allele-specific PCR system.”) We studied
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Figure 2. Primer extension by using A) unmodified or B) 4'-vinylated thymidine moieties at the 3'-terminal position of
the primer. Each reaction contained equal amounts of Vent exo- DNA polymerase and the respective primer-template
as indicated. Sequences are shown in Figure 1, N=A, G, C, or T, as indicated. Conditions: All four dNTPs [0.2 mm
each], and Vent exo~ DNA polymerase [0.8 units]. M=marker. Green indicates matched cases, red indicates mis-

matched cases.

PCR product formation in real-time by SYBR Green | detection
of double-stranded DNA.' In cases were unmodified primers
were used no significant discrimination was observed and the
formation of nearly congruent amplification curves were de-
tected (Figure 3).

However, under the same reaction conditions significant
differences between the amplification of matched and mis-
matched complexes were observed when 4'-vinylated primers
were used. In these cases, any mismatch located at positions
+1 to +4 resulted in an amplification curve with a threshold
crossing cycle number significantly higher than observed for
matched complexes. Thus, the system composed out of 4'-vi-
nylated primers and Vent exo-DNA polymerase is able to faith-
fully detect single nucleotide variations even when they are

lieved to significantly add to
the overall selectivity of enzy-
matic DNA synthesis. The global
enzyme transitions, which are
thought to be responsible for
the observed effects, can be
monitored by  4-modified
primer strands that act as steric probes. Based on these find-
ings we were able to significantly extend methodology that
allows direct analysis of single nucleotide variations within
genes through allele-specific PCR.

Experimental Section

DNA substrates: Unmodified double-grade HPLC purified DNA
substrates, which were used as templates, were purchased from
IBA GmbH, Gottingen, Germany. The synthesis of modified primer
strands was carried out as described.”™ Primer DNA strands were
subsequently purified by preparative electrophoresis on a 12%
polyacrylamide gel that contained 8m urea. The integrity of all
modified oligonucleotides was confirmed by matrix-assisted laser
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Figure 3. Real-time PCR experiments derived from unmodified (") and 4'-vinylated (1) primers and mismatches located at several positions within the primer tem-
plate complex (+1, +2, +3 or +4 nucleotides away from the reaction center)."" Green indicates matched cases, red indicates mismatched cases. All experiments
were conducted under identical reaction conditions and contained equal amounts of dNTPs, DNA substrate, and Vent exo~ DNA polymerase.
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desorption ionization-time of flight mass spectrometry (MALDI-TOF
MS).

DNA oligonucleotide sequences: Reverse primer for PCR experi-
ments: 5-CG CGC AGC ACG CGC CGC CGT. Templates for PCR in-
vestigations: 90+ 1: 5-CCGTCAGCTGTGCCGTCGCGCAGCACGC-
GCCGT GGA CAGAGGACT GCAGAAAATCAACCTNTCCTCCTTCAG-
CAACGTACAGAG;90+2:5-CCGTCAGCTGTGCCGTCGCGCAGCA-
CGCGCCGT GGACAGAGGACT GCAGAAAAT CAACCTANCCTCCTT-
GACCAACGTACAGAG; 90+43: 5-CCGTCAGCTGTGCCGTCGCG-
CAGCACGCGCCGTGGACAGAGGACTGCAGAAAATCAACCTATN-
CTCCTTCAGGACCAACGTACAGAG; 90+4: 5-CCGTCAGCTGTGC-
CGTCGCGCAGCACGCGCCGTGGACAGAGGACTGCAGAAAATCAA-
CCTATCNTCCTTCAGGACCAACGTACAGAG, N=A,G,C orT.

Primer extension assays: Primer extension assays were conducted
as described before.”’ Reactions were initiated by the addition of a
polymerase solution in 1x reaction buffer and heating to 72°C. Re-
actions promoted by the Vent DNA polymerase (exo- mutant; New
England Biolabs) were performed in New England Biolabs “Thermo-
Pol” buffer (10 mm KCl, 20 mm Tris-HCI (pH 8.8 at 25°C), 10 mm
(NH,),SO, 2 mm MgSO,, 0.1% Triton X-100). Reactions that were
carried out with Tag DNA polymerase (Amplitag, Applied Biosys-
tems) were performed in Applied Biosystems “10x PCR Buffer”
buffer (10 mm Tris-HCI (pH 8.3 at 25°C), 50 mm KCl, 1.5 mm MgCl,,
0.001% (w/v) gelatin). Assays included primer-template complex
(150 nm) and the respective enzyme (0.25 units; units defined by
the supplier). After incubation for 1 min the reaction mixtures were
cooled to 0°C and the reaction was quenched by the addition of
PAGE-gel loading buffer (60 pL, 80% formamide, 20 mm EDTA)
and subsequently heated to 95°C for 10 min and analyzed as
described.”

Real-time PCR experiments: Real-time PCR was performed by
using ABI PRISM 7700 or iCycler (BIORAD) systems together with
the DNA primer-templates mentioned before. The presented re-
sults are from at least two independently performed measure-
ments that originated from one master-mix as described.”
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