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In Pyrosequencing™, a DNA strand complementary to a single-stranded DNA (ssDNA) tem-
plate is synthesized, whereby each incorporated nucleotide yields detectable light, and the
light intensity is proportional to the incorporated nucleotides. Correct data interpretation
(i.e., signal-to-noise ratio of light intensities) is hampered by artifacts due to the formation of
secondary structures of single-stranded templates. Critical among these is the looping back
of the template’s nonbiotinylated 3’ end to itself. In the resulting structure, the 3" end func-
tions as a primer, the extension of which results in background signals. We present two ways
of preventing the self-priming of a template’s 3’ end: (i) the use of a modified oligonucle-
otide, called blOligo, which is complementary to the template’s 3" end and (ii) the extension
of the template’s 3’ end with a ddNMP. In contrast to unprotected 3’ ends of ssDNA tem-
plates, causing inconsistent results, we show that protecting the 3" end of an ssDNA template
using either blOligos or ddNMP enables the correct interpretation of signals and results in

reliable quantification.

INTRODUCTION

Pyrosequencing™ is a high-through-
put method for sequencing and geno-
typing short DNA fragments. In the se-
quencing reaction, pyrophosphates that
are split off from the deoxynucleoside
triphosphates during PCR are quantified
by a cascade of enzymatic reactions. At
the cascade’s end, the indicator reaction
catalyzed by luciferase results in detect-
able light that correlates to the nucleo-
tides initially incorporated. Compared
to other genotyping methods, Pyrose-
quencing is attractive because it allows
both single nucleotide polymorphism
(SNP) detection within its sequence
context and calculation of the amounts
of variant alleles in a single experiment.
Pyrosequencing is therefore especially
useful for estimating allele frequen-
cies with pooled genomic DNA and for
detecting allelic imbalances in cDNA
samples.

Pyrosequencing is performed iso-
thermically at 28°C with single-strand-
ed DNA (ssDNA) as a template. These
conditions favor the formation of sec-
ondary structures within the template
and may even result in self-priming of
the ssDNA 3’ ends, which generates ar-

tificial signals and ghost peaks, even in
the absence of the sequencing primer
(Figure 1A) (1-3).

To circumvent the problem of tem-
plate folding and 3’-end self-priming,
care has to be taken in defining the PCR
conditions, mainly with respect to the
length of the PCR product and the PCR
primer positions on the target DNA.
Pyrosequencing AB (Uppsala, Swe-
den), the manufacturer of the Pyrose-
quencing hardware, provides software
for the design of sequencing primers,
which includes the verification of the
PCR product’s sequence for “template
looping onto itself.” Furthermore, the
single-stranded fragment should not
exceed 300 bases because the possibil-
ity of self-priming increases with tem-
plate size. This is a limitation because,
in many cases, repetitive sequences
around the SNP to be analyzed require
larger fragment sizes. The same may
be necessary when analyzing cDNA
where primers for PCR must span sev-
eral exons, such as to amplify different
splice forms with a single primer pair.
Also, for quantitative methylation anal-
ysis of CpG sites by Pyrosequencing,
the probability of forming 3" loops af-
ter sSDNA preparation is high because
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the sequence is of low complexity after
bisulfite treatment, consisting of essen-
tially 3 bases only.

In such cases, the formation of sec-
ondary structures and occurrence of
template self-priming have to be over-
come by the experimental design. Py-
rosequencing using double-stranded
DNA (dsDNA) as a template has been
previously described, but the incom-
plete removal of PCR reagents may
induce background signals (2,4). Nor-
dstrom et al. (2) therefore developed a
protocol for dsDNA Pyrosequencing
that included oligonucleotides blocked
at their 3" ends by a phosphate or an
amino group and proposed the use of
such modified oligonucleotides when
sequencing with ssDNA templates
forming 3’-end loops.

Another possible solution is the ad-
dition of ssDNA binding protein (SSB)
in the sequencing reaction (1,5-10).
However, the binding of SSB to ssDNA
varies depending on the DNA sequence
and its size (1,11).

Here we present two possible ways
to avoid the single-stranded template’s
self-annealing and priming by blocking

its 3” end. First, an oligonucleotide that
is identical to the nonbiotinylated PCR
primer but with a dideoxynucleotide at
its 3’ end can be annealed to the tem-
plate. This oligonucleotide competes
with the ssDNA 3’ end for internal
annealing sites and prevents the tem-
plate’s 3" end self-annealing. We call
this type of oligonucleotide a blOligo
(blocking oligonucleotide), according
to the designation coined by Nordstrom
et al. (2), which cannot be extended
during the sequencing reaction due to
the presence of the dideoxy residue at
its 3’ end. Second, the 3" end OH of
the template is enzymatically modified
with terminal deoxynucleotidyl trans-
ferase (TdT; Amersham Biosciences)
by incorporating a single dideoxynu-
cleotide. Thus, the 3" end of the modi-
fied template will not be elongated.
Figure 1 illustrates the self-priming
problem and the two possible solutions.
Ideally, no secondary structures inter-
fere with the sequencing reaction (Fig-
ure 1B). Deoxynucleotides are attached
only to the sequencing primer, and the
correct sequence readout is obtained. If
the template’s 3’ end interacts with an

internal complementary sequence (Fig-
ure 1A), nucleotides are incorporated
at its 3 OH, which falsify the sequence
readout because the resulting signals
overlay with the sequencing primer
elongation. With the use of blOligo, the
formation of secondary structures is pre-
vented, giving rise to a correct sequence
readout (Figure 1C), as is the case with
TdT treatment, where the 3" end of the
template is locked (Figure 1D).

MATERIALS AND METHODS

Allele-Specific Expression of
CARDIS

Total RNA from leucocytes was iso-
lated using the RNeasy® kit (Qiagen,
Hilden, Germany). Reverse transcrip-
tion was performed using the rtPCR oli-
go dt™ kit (Qiagen), according to the
manufacturer’s recommendations. PCR
was performed with primers whose an-
nealing sites were localized within
exons 2 and 4 of caspase recruitment
domain family, member 15 (CARD15),
respectively. As a control experiment,
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Figure 1. The self-priming problem in Pyrosequencing and two methods of circumventing the problem. (A) Elongation of single-stranded DNA (ssDNA)
template 3" end due to self-priming. The formation of a secondary structure of the template causes the elongation of the sequencing primer (green) as well as of
the template’s 3” end (red arrowheads). An incorrect sequence readout will result. (B) Ideal performance of Pyrosequencing without 3” end self-priming, where
only the sequencing primer is elongated. (C) Sequencing reaction in the presence of a blOligo (blocking oligonucleotide) designed to avoid self-priming of
the template’s 3” end. The blOligo anneals to the 3" end (blue arrowhead) of the template and, because it has a ddNMP at its own 3’ end (green dot), cannot be
elongated. (D) Sequencing reaction of a template with ddANMP-modified 3’ end. Prior to sequencing, the template’s 3" end was modified by a deoxynucleotidyl
transferase (TdT)-catalyzed addition of a dideoxynucleotide that will not be elongated even if self-annealing takes place. (B-D) A correct sequence readout is

obtained.
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Table 1. Oligonucleotide Sequences

Purpose Target Sequence

PCR CARD152 5’-biotin-CGTCTCTGCTCCATCATAGG-3’
CARD15 5-TGGGAGCGGGGTTTCCTCAG-3
A2M? 5’-biotin-GGACTCTAGGTTCATGCTTCAC-3
A2M 5-TTAGCCCGCCAGGAATTAAC-3

Pyrosequencing SNP rs2067085 5-GTTGCCGATCTTCACACCGT-3’
CARD15
SNP rs226379 5-TTCCACCCACACAAG-3’
A2M

Blocking Self-Priming CARD15 5-TGGGAGCGGGGTTTCCTCAGddC-3’
A2M 5-TTAGCCCGCCAGGAATTAACdIC-3"

CARD15, caspase recruitment domain family, member 15; A2M, a-2-macroglobulin.

aForward PCR primers.

the PCR products of CARDI5 exon 2-
exon 4 fragments were cloned into the
PCR2.1ITOPO™ vector (Invitrogen,
Karlsruhe, Germany), and the recombi-
nant vector was used as a PCR template
instead of cDNA. The calculation of al-
lele amounts occurs in reference to the
common G (Figure 2A, labeled with an
asterisk).

Allele Frequency of A2M SNP
rs226379

For the determination of allele fre-
quency of a-2-macroglobulin (A2M)
SNP 15226379, PCR with pooled ge-
nomic DNA (from 80-100 Caucasian
individuals; Roche, Mannheim, Ger-
many) was performed according to the
manufacturer’s instructions. For the
calculation of allele frequencies, the
PSQ™ 96MA 2.1 software (Pyrose-
quencing AB) was used.

PCR Conditions

Amplification was done in 25 pL
containing MasterAmp™ 2x PCR-
Premix-Buffer D (Biozym Scientific
GmbH, Oldendorf, Germany), 1 U of
Tag DNA polymerase (Amersham Bio-
sciences, Freiburg, Germany), 4 pmol

of each primer, and with the following
conditions: 1 cycle of 96°C for 5 min,
followed by 45 cycles of 96°C for 30 s,
59°C for 35 s, and 72°C for 35 s, with
a final cycle of 72°C for 5 min. PCR
primer pairs used are listed in Table 1.

Pyrosequencing

Biotin-labeled PCR products were
immobilized on 10 pL streptavidin-
coated Dynabeads® M280 (Dynal,
Oslo, Norway) by mixing with 20 puL of
PCR product and 30 pL. 2x BW buffer
II (Pyrosequencing AB). The samples
were incubated by shaking at 43°C for
30 min, and afterwards they were trans-
ferred into 50 uL 0.3 M NaOH using
the Multi Magnet PSQ 96 Sample Prep
Tool (Pyrosequencing AB). The sam-
ples were washed in 100 uL washing
buffer (Pyrosequencing AB) for 1 min
and transferred into 40 UL annealing
buffer, containing 4 pmol of sequenc-
ing primer, and kept at 80°C for 5 min.
After equilibration to room tempera-
ture, the sequencing reaction was per-
formed with the PSQ 96 SNP Reagent
Kit, according to the manufacturer’s
directions, on a PSQ 96MA machine
(both from Pyrosequencing AB).

A blank control was done with

template without sequencing primer.
blOligo reactions contained 4 pmol of
the blocking oligonucleotide with a di-
deoxy residue at its 3" end. Sequencing
primers and blOligos used are listed in
Table 1.

TdT Treatment

For TdT (E.C. 2.7.7.31) treat-
ment, Dynabeads with single-stranded
templates were incubated in 5 puL of
One-Phor-All-Buffer PLUS (Amer-
sham Biosciences) containing 0.5 mM
ddCTP and 2.5 U TdT in a total vol-
ume of 50 pL at 37°C for 30 min. Af-
terwards, they were washed in 100 uL.
washing buffer and treated by Pyrose-
quencing as described above.

RESULTS AND DISCUSSION

As outlined in Figure 1, self-prim-
ing of ssDNA template may falsify the
outcome of Pyrosequencing. Figures 2
and 3 give two experimental examples
for the self-priming problem. In Figure
2, Pyrosequencing is performed on sin-
gle-stranded templates obtained from
the reverse transcription PCR (RT-
PCR) of CARDI5 gene transcripts to
analyze allele-specific expression. SNP
rs2067085 was used as a marker for
the allelic imbalance in heterozygotes
reported previously using another SNP
(12). Theoretical histograms for homo-
zygotes and heterozygotes are clearly
informative and distinguishable (Figure
2A). However, using cDNA of a CC
homozygotic individual (all individuals
were genotyped using genomic DNA
and Sanger sequencing), ghost peaks
appear at positions informative for the
G allele, although there is no G allele
present (Figure 2B). For the heterozy-
gotic individual, the SNP determining
peaks appear too high, indicating an
imbalance in allelic expression (Figure

Figure 2. Characterization of a coding single nucleotide polymorphism (SNP) on CARD15 transcripts by Pyrosequencing. SNP rs2067085 was analyzed
on cDNA from leucocytes of three genotypically different individuals. (A) Theoretical histograms for the two homozygotes and the heterozygote with the
chosen pipeting scheme. The histogram for the heterozygote was calculated for an equal expression of both alleles. Bases informative for the SNP alleles are
shown in blue while bases in common are shown in brown. (B) Experimental Pyrograms obtained by using the standard protocol and cDNA from leucocytes.
(C) Experimental Pyrograms obtained by using the standard protocol and cloned PCR products. (D) Results from blank control experiments in which Pyrose-
quencing was performed with single-stranded template without the addition of sequencing primer. (E) Blank control as in row D with the addition of blOligo
(blocking oligonucleotide). (F) Blank control as in row D with the template ddCMP modified by deoxynucleotidyl transferase (TdT) treatment. (G) Pyrograms
obtained by using blOligo and sequencing primer. (H) Pyrograms obtained by using ddCMP-modified template and sequencing primer. Red arrows indicate
allele-specific bases used, and the asterisks (*) indicate the common G that was used as a reference for the calculation of allele amounts. CARD1S5, caspase

recruitment domain family, member 15.
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Table 2. Analysis of Allele-Specific Expression of CARD15 in Leucocytes of Four Individuals

Allele Allele
Template Frequency G Frequency C G:C 2G+C
Individual 1 standard 0.62 0.48 1.29 1.10
blOligo 0.38 0.72 0.52 1.10
ddNMP 0.39 0.65 0.60 1.04
Individual 2 standard 0.72 0.49 1.50 1.21
blOligo 0.57 0.58 0.98 1.15
ddNMP 0.46 0.57 0.81 1.03
Individual 3 standard 0.81 0.54 1.50 1.35
blOligo 0.47 0.58 0.81 1.05
ddNMP 0.48 0.52 0.92 1.00
Individual 4 standard 0.88 0.58 1.52 1.46
blOligo 0.53 0.68 0.78 1.21
ddNMP 0.52 0.54 0.96 1.06

Values were calculated through the analysis of single nucleotide polymorphism (SNP) rs2067085 on cas-
pase recruitment domain family, member 15 (CARD15) cDNA by Pyrosequencing. For each individual,
Pyrosequencing was performed using the standard procedure and after locking the 3’ ends of PCR prod-
ucts with the CARD15 blOligo (blocking oligonucleotide). Bold numbers indicate optimal Pyrosequencing
performance after deoxynucleotidyl transferase (TdT) treatment.

2B, right column). The same problems
were also detectable for cDNA, with
templates obtained from cloned PCR
products. Ghost peaks also appeared at
the SNP determining positions and fal-
sified the results in a similar way (Fig-
ure 2C).

A blank control experiment in
which only the template was used in
the Pyrosequencing reaction (i.e., with-
out sequencing primer) indicated that
self-priming of the template’s 3" end
results in the occurrence of signals at
positions of the informative bases (Fig-
ure 2D). Although the Pyrograms differ
slightly for the three genotypes, ghost
peaks are consistent at positions of the
bases informative for SNP rs2067085.
Beside the examples presented, in our
hands, such blank control experiments
reveal a 3’-end self-priming for nearly
all inspected sequences and are an in-
dispensable control when setting up
Pyrosequencing analyses.

If the CARDI5 blOligo was added
during Pyrosequencing, no signals
at all were obtained with either tem-
plate (Figure 2E). Consequently, if the
blOligo was used together with the se-
quencing primer, the Pyrogram gave
the clear-cut expected result (Figure
2@G). With the same targets, we tested
the second possible method of lock-
ing the 3’ end of the single-stranded
template; in this case, by attaching a

72 BioTechniques

ddCMP using TdT. As with the use of
the blOligo, the Pyrosequencing reac-
tions with the TdT-modified templates
obtained from the cDNA and cloned
PCR fragments indicated no self-prim-
ing in the blank control (Figure 2F) and
gave the expected result in the analysis
(Figure 2H).

Aside from SNP typing, quantitative
data analysis is the main advantage of
Pyrosequencing. The quantification is
done by the calculation of relative peak
heights. Informative bases are com-
pared with a base common to all tem-
plates (calibration to an adenine should
be avoided because the A-peaks often
appear too high).

Table 2 summarizes the quantitative
analysis of allele-specific expression of
CARDI5 transcripts in four individu-
als. By standard Pyrosequencing, the
results indicate an allelic imbalance
in all samples with the G allele being
overexpressed. However, in every case,
the total amount of the allele-specific
bases is conflicting with the amount
of a common base. They sum to values
larger than 1, which indicates the pres-
ence of background signals (Table 2,
right column). Both the use of blOligo
and TdT treatment shift the results
significantly so that £ G + C becomes
closer to 1. If we accept a maximum
deviation from 1.0 of 10%, which is ob-
tained in all cases of TdT treatment, an

allelic imbalance is seen for only two
of the samples and, furthermore, with a
favored C allele expression.

Self-annealing of single-stranded
template was also the problem with the
determination of allele frequency of
SNP rs226379 in the A2M gene (Fig-
ure 3). A ghost peak at the SNP deter-
mining position (Figure 3B) falsified
the calculation of allele frequency in
a pooled sample, resulting in a minor
allele frequency of about 8% (Figure
3C). However, after locking 3’ ends
of the single-stranded template by the
A2M blOligo or by TdT treatment, the
PCR fragments indicate no self-prim-
ing, and the calculation of the minor
allele frequency results in about 22%,
which is in much closer agreement with
the National Center for Biotechnology
Information Single Nucleotide Poly-
morphism Database (NCBI) dbSNP;
http://www.ncbi.nlm.nih.gov/SNP/
snp_ref.cgi?rs=226379) (average allele
frequency within a Caucasian sample
set of 125 individuals of the C allele:
0.34) (Figure 3, D and E).

In summary, we demonstrated that
locking the 3" end of single-stranded
templates considerably improves the
accuracy of allele calling by Pyrose-
quencing. It also allows the user to
design PCR primers more or less in-
dependently of the methodology of
Pyrosequencing. This is highly advan-
tageous when a PCR has been already
established in mutational profiling of a
genomic region because the respective
primer pairs from the screening can be
used immediately for Pyrosequencing
(with one of the primers being biotinyl-
ated). Thus, a special PCR design for
Pyrosequencing is not necessary. Both
the blOligo and TdT treatment gave
similar results, and the method chosen
may depend on different parameters.

The blOligo has to be custom-made
for each kind of template. However,
it has the advantage of no additional
hands-on time during the sequencing
process because it anneals together
with the sequencing primer. The prin-
ciple of locking the 3" end by a blOligo
and avoiding self-priming of the tem-
plate can also be applied to the destruc-
tion of secondary structures of single-
stranded templates (e.g., hairpins).
Moreover, an additional blOligo could
be annealed a few bases downstream of
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Figure 3. Determination of allele frequencies of the A2M gene
single nucleotide polymorphism (SNP) rs226379 in pooled ge-
nomic DNA. The sequence around SNP rs226379 was analyzed by
the Pyrosequencing of a single sample containing pooled genomic
DNA. (A) Theoretical histograms for the genotypes determined by
SNP 15226379. The positions of the bases informative for the SNP are
highlighted. (B) Pyrogram of a blank control experiment of single-
stranded template without sequencing primer. (C) Pyrogram obtained
using the standard protocol. (D) Pyrogram obtained using the o-2-
macroglobulin (A2M) blOligo (blocking oligonucleotide). (E) Pyro-
gram using ddCMP-modified template. Red arrows indicate allele-
specific base. The blue insets show the allele frequencies calculated
from the peak heights.
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the SNP under investiga-
tion to prevent the for-
mation of any secondary
structures.

On the other hand,
TdT treatment is univer-
sally applicable. How-
ever, it needs additional
hands-on time for incu-
bation. Nevertheless, as
a major advantage, it
will block the 3’ end of
any DNA or oligonucle-
otide in the reaction mix-
ture. Thus, the TdT treat-
ment will avoid even the
falsifying background
signals generated by
incomplete or recombi-
nant PCR products (13)
in pooled genomic or
cDNA samples, occur-
ring even if the blOligo
is added because these
molecules lack the 3’
end targeted by the blO-
ligo. In such cases, and
in particular for bisul-
fite-treated DNA, which
is hampered by its lower
complexity, the TdT
treatment will be the
method of choice.

In conclusion, the
two methods presented
for blocking of ssDNA
3’ ends are simple and
reliable approaches for
avoiding misinterpreta-
tion in genotyping, quan-
tifying allelic imbalance
or allele frequencies, and
sequencing when using
Pyrosequencing.
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