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Formation of Template-Switching Artifacts by Linear Amplification

Dbhrubajyoti Chakravarti and Paula C. Mailander
Eppley Institute for Research in Cancer and Allied Diseases, 986805 Nebraska Medical Center, Omaha, NE

Linear amplification is a method of synthesizing single-stranded DNA from either a single-stranded DNA
or one strand of a double-stranded DNA. In this protocol, molecules of a single primer DNA are extended
by multiple rounds of DNA synthesis at high temperature using thermostable DNA polymerases. Although
linear amplification generates the intended full-length single-stranded product, it is more efficient over single-
stranded templates than double-stranded templates. We analyzed linear amplification over single- or double-
stranded mouse H-ras DNA (exon 1-2 region). The single-stranded H-ras template yielded only the intended
product. However, when the double-stranded template was used, additional artifact products were observed.
Increasing the concentration of the double-stranded template produced relatively higher amounts of these
artifact products. One of the artifact DNA bands could be mapped and analyzed by sequencing. It contained
three template-switching products. These DNAs were formed by incomplete DNA strand extension over the
template strand, followed by switching to the complementary strand at a specific Ade nucleotide within a puta-

tive hairpin sequence, from which DNA synthesis continued over the complementary strand.
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thesized by repeatedly extending molecules of a single

primer over single-stranded or double-stranded DNA
templates. Linear amplification is used for cycle sequenc-
ing! and mapping DNA sequences at which carcinogens
form adducts with various degrees of specificity.?-3

The experimental conditions of linear amplification
are similar to the polymerase chain reaction, except that
a single primer is used. Despite using a high temperature
of DNA synthesis, linear amplification works better with
single-stranded templates than with double-stranded tem-
plates, which can present difficulties in optimizing lin-
ear amplification for some DNA sequences. One of the
difficulties of linear amplification over double-stranded
DNA is premature termination of DNA synthesis.>* It
was found that premature chain termination is partly due
to incorporation of wrong bases and strand extension
problems at DNA secondary structures.’ Premature chain
termination may be minimized by conducting the DNA

I n linear amplification, single-stranded DNA is syn-
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synthesis with a nick-translating DNA polymerase sup-
plemented with a small amount of a proofreading DNA
polymerase.3-

Linear amplification of some double-stranded DNA
sequences can form artifact products that are not removed
by the above combination of DNA polymerases. We have
studied the mouse H-7as exon 1-2 region DNA to describe
such artifacts, and report that some of them are produced
by template-switching during primer extension.

MATERIALS AND METHODS
Preparation of H-ras Templates

Double-stranded H-ras template DNA (548 bp) was pre-
pared by polymerase chain reaction (PCR) amplification of
a BamHI-digested plasmid (pWT1) containing the mouse
H-ras exon 1-2 region (Figure 1) with primers MRF (5'-
CCG CTG TAG AAG CTA TGA CA) and MRR (5-
TGC CAG GGC TCA CGG GCT AG) using previously
described experimental conditions.> The single-stranded
H-ras template DNA (Figure 2) was prepared by linear
amplification of the BazHI-digested pWT1 with MRFE.
Both double-stranded and single-stranded H-7as DNAs
were separated by 1% low-melting-point agarose gel and
extracted with GELase (Epicentre Biotechnologies, Madi-
son, WI).
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FIGURE 1

Structure of pWT1.

Linear Amplification and Sequencing

Linear amplification reactions were carried out in 20-mL
reactions with a 10:1 mixture of 17 and ent DNA poly-
merases at 80°C, as previously described.? Additional
primer sequences were 2XBAF (5-GAT CCC TCT AGA
GAG GTG GACT), 2XBAR (5-ATA CTC GTC CAC
AAA GTG GTT C), ColF (5-GTG GTC ATT GAT
GGG GAG ACA), C61RV (5-ATA CTC TTC TTG
ACC TGC TGT), and C6IR (5-AGA GGA AGC CCT
CCC CTG TGC). The locations of the primers are indi-
cated in Figure 3D. The linear amplification product Art
1 (2.5-10 ng/uL) was directly sequenced with the primer

1 Kb ladder

05 ss DNA

FIGURE 2

Synthesis of single-stranded (ss) H-ras DNA by linear amplification
of BamHI-digested pWT1. The indicated DNA band indicated was
extracted for use as single-strand H-ras template.
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Co61R at the Genomics Core Research Facility, University
of Nebraska, Lincoln, NE. Nucleotide numbers of the
H-ras exon 1-2 region correspond to GenBank Accession
No. U89950.

RESULTS

Linear Amplification of Double-Stranded
and Single-Stranded H-ras DNA

Linear amplification reactions were conducted either with
single-stranded (Figure 3A) or double-stranded DNAs
(Figure 3B, C) containing the H-7as exon 1-2 region.
When using the single-stranded DNA as template, linear
amplification with primer C61F or C61R (196 and 461 nt)
or PCR reaction with C61F and C61R (109 bp) produced
the intended products. On the other hand, when double-
stranded DNA was used as template, artifact (Art) prod-
ucts were observed. Furthermore, the relative amounts of
the artifact products (Art 1-4 in Figure 3B, C) appeared
to increase with the amount of the double-stranded
template.

Primer-Walking and Sequence Analysis of Artifact 1

A primer-walking experiment (Figure 4) of the single-
stranded artifact product obtained from linear amplifica-
tion of double-stranded DNA with C61R (Art 1 in Figure
3B) was conducted with primers shown in Figure 3D. For
size comparison, the linear amplification product of sin-
gle-stranded H-ras gene with C61R (461 nt) was included.
MRF and 2XBAF did not produce a linear amplification
product from Art 1, indicating that Art 1 did not extend
to exon 1 (Figure 4). However, C61R and C61RV were
successful in linear amplifying Art 1. This suggested that
during the formation of Art 1, DNA synthesis stopped
copying the intended Watson (top) strand towards exon
1, and switched to copying the Crick (bottom) strand in
the exon 2 direction. In this way, Art 1 could contain
annealing sites for C61RV and C61R. On the other hand,
2XBAR did not linear amplify Art 1, which meant that
Art 1 did not contain the sequences for annealing 2XBAR.
These results suggest that while forming Art 1, DNA syn-
thesis switched templates somewhere between C61RV
and 2XBAF. Linear amplification of Arts 2—4 with these
primers did not generate readily identifiable and reproduc-
ible bands (not shown). It was therefore concluded that
Arts 2—4 were more complex in structure and not exam-
ined further.

Sequence Analysis of Artifact 1

Direct sequence analysis of Art 1 with C61R revealed
that it contained a mixture of template-switching prod-
ucts (Figure 5). Within the overlapping peaks of the
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Formation of artifact DNA products by linear ampli-
fication. Single-stranded H-ras template yielded the
desired products with primers C61F or C61R (A),
whereas double-stranded H-ras template yielded the

Art1 "0 Ats  desired products as well as artifact DNAs (Art 1-4)

461 ° A3 (B, C). D: The sites of annealing of the primers used in
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FIGURE 4

Linear amplification primer walking analysis of artifact 1. The arti-
fact product generated by linear amplification of double-stranded
H-ras DNA with the C61R primer was subjected to linear amplifica-
tion with a number of primers that anneal to the H-ras sequence.
Only C61R and C61RV yielded linear amplification products with
artifact 1.
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electropherogram, it was possible to read 10 or more
contiguous bases from three areas of the H-ras insert.
A 10-nt-long unique sequence is thought to occur once
every 524,800 bases,” which is much longer than the H-7as
insert in pWT1. Therefore, Art 1 contained at least three
different template-switching products (Figures 5 and 0).
It appeared that one of these products was generated as
strand extension switched from the Watson strand at nt
159, another at nt 214, and the third at nt 295. However,
all of these syntheses switched to the same base (nt 134) in
the Crick strand. Art 1, despite containing various prod-
ucts, produced a single DNA band (Figure 3B). Therefore,
it is likely that not all products in Art 1 extended all the
way to the end of exon 2. On the other hand, Art 1 could
be amplified by C61R; therefore, at least one of these
template-switching products extended at least up to the
Co61R-annealing site. If all three products in Art 1 were to
contain the C61R annealing site, the 159-134 switch prod-
uct would be 593 nt, the 214-134 product would be 538
nt, and the 295-134 product would be 457 nt long. Direct
sequencing of Arts 3 and 4 with C61F produced complex
electropherograms with overlapping peaks, which did not
permit easy analysis.

To explore whether the template-switching in Art 1
could be associated with DNA secondary structures, the
H-ras DNA sequence was analyzed by the online mfold
software (http://frontend.bioinfo.rpi.edu/applications/
mfold/cgi-bin/dna-forml.cgi), using default parameters,
except the temperature was set to 80°C, i.e., the tempera-
ture of DNA synthesis in these experiments. This analysis
revealed that at 80°C, the H-7as segment would contain
two hairpin structures (nt 120-141 and nt 423-443), both
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FIGURE 5

Sequence analysis of artifact 1. Results of sequence
analysis from two experiments are joined together.
The electropherogram showed overlapping peaks in
sequences previous to nt 134, but none at the down-

stream sequences. The indicated sequences were read-
able within the overlapping peaks. The nucleotide 133
should have been a G, which is not observed in the
electropherogram.

with a AG value of 0.6 kcal/mol (Figure 6). The first hait-
pin spanned the nt 134, which is the nucleotide at which
the three template-switch products in Art 1 restarted
strand extension after changing from the Watson tem-
plate. The C61R primer anneals within the second hairpin
structure.

DISCUSSION

Template-switching has been previously reported in
PCR.8? Therefore, it can also be expected to occur dut-
ing linear amplification. Template-switching is a well-
known phenomenon for synthesizing the ends of retrovi-
ral genome by reverse transcriptases.!®-!! A previous study
concluded that template-switching for PCR polymerases
may have a different mechanism than that for the reverse
transcriptases,’ and it would frequently occur at inverted
repeats.

In the present study, we noted that template-switch
sequences where DNA synthesis left the Watson strand
were T nucleotides preceded by a run of Gs or Cs. For
two of the three template-switching products (159-134
and 214-134), there was an A residue between the T and
the run of Cs.

Premature termination of DNA synthesis is a pos-
sible mechanism for the incomplete chain extension that
induced these template-switching artifacts. The DNA

134
*

GCCTACCTgccagAGGTGGGC

polymerase combination used in our study minimizes
premature termination, but does not completely eliminate
their formation. If template-directed premature chain ter-
mination is a mechanism, it would be reasonable to specu-
late that the sequences at which the syntheses had switched
would be hotspots of premature chain termination. Such
ideas could not be expanded any further, because there
were no identifiable nontemplate bases in the switch junc-
tions, which argues against misincorporation as the reason
for premature chain termination, and under our reaction
conditions, these sequences did not appear to be prone
to form secondary structures, which argues against the
idea that the premature chain terminations occurred at
structure-related pause sites.

Low DNA polymerase processivity could also be a
mechanism of the incomplete chain extension. We have
used a mixture of 17 and Ient DNA polymerases (at 10:1
ratio) for these experiments. 1760 DNA polymerase has
nick-translating activity (5'-3"-exonuclease) but is deficient
in proofreading (3'-5"-exonuclease); whereas I'ent DNA
polymerase has the opposite properties.? In this cocktail,
since 17h DNA polymerase is present at greater amounts,
it is thought to be chiefly responsible for DNA synthesis,
while ent DNA polymerase provides the proofreading.
The processivity of 175 (30—40 nt) is lower than AmpliTag
(50—60 nt), but higher than Pfx (15-20 nt), Vent (7-10 nt),
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FIGURE 6

lllustration of the template-switched products of arti-
fact 1. At 80°C, the H-ras gene segment may contain
two hairpin-type secondary structures (the locations
shown with segmented columns, and the sequences
indicated on top).
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and the Stoffel fragment (5-10 nt).? Parallel experiments
with a panel of DNA polymerases may help in determin-
ing whether processivity is a factor for the incomplete
chain extension associated with template-switching. We
did not observe artifacts by linear amplification of the
single-stranded template, but in that case, incompletely
extended products may only anneal to the same template
and extend it to the end.

On the other hand, the observation that at increased
double-strand template concentrations, linear amplifica-
tion favored the formation of template-switching artifacts
over the intended products (Figure 3B, C) can shed light
on the mechanism of template-switching. It suggests that
double-strand template concentration is an extremely
important determinant for template-switching. On the
other hand, incomplete DNA synthesis, whether due to
premature chain termination at hotspot sequences and/or
DNA polymerase processivity, was cleatly involved. Even
though we do not understand the exact mechanisms, these
results suggest that when incompletely extended DNA
molecules can find sufficient numbers of complementary
strands to anneal with, they can function as primers for
DNA synthesis in the opposite direction, and generate the
template-switching artifacts. The reason why these linear
amplification artifacts switched to the same Ade residue
inside a putative hairpin structure is also not obvious, but
this switch to sequence preference suggests that switching
only required a minimal level of complementary homol-
ogy between the incompletely extended (primer) strand,
and would be favored at stable structural regions in the
complementary (template) strand.
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