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ABSTRACT. In the mammalian genome, approximately 50% of all
genes are controlled by promoters with high GC contents. Analyzing the
epigenetic mechanisms regulating their expression is difficult. Hence,
we examined a method for stable quantification of such GC-rich DNA
sequences. Quantification of DNA during real-time PCR is often based
on reagent kits containing the fluorescent dye SYBR Green. However,
these ready-made kits may not be suitable for amplifying DNA samples
with a high GC content (>70%). DNA segments with eccentric GC
contents are frequently found in proximal promoter areas, and their
quantification may be necessary in chromatin accessibility by real-time
polymerase chain reaction or chromatin immunoprecipitation analyses
of epigenetic mechanisms of gene regulation. We therefore optimized
the SYBR Green [ FastStart reaction system by supplementing
the system with dimethyl sulfoxide, betaine, and increased DNA
polymerase content. Here, we describe the development of the assay
and demonstrate its effectiveness for two different DNA templates,
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showing that these modifications allow for the reliable amplification
and quantification of DNA with GC contents exceeding >70% using the
LightCycler instrument.

Key words: Epigenetic mechanisms; GC-rich DNA;
Chromatin accessibility; Real-time polymerase chain reaction

INTRODUCTION

Polymerase chain reaction (PCR) is a fundamental molecular biology technique that
is generally applied in many research fields. However, amplification of GC-rich templates can
be difficult (McDowell et al., 1998). Several additives have been described to improve the effi-
cacy of the amplification of GC-rich sequences. These additives include supplementation with
dimethyl sulfoxide (DMSO), glycerol, and betaine, either alone or in combination with other
components (Henke et al., 1997; Kang et al., 2005; Musso et al., 2006; Mamedov et al., 2008;
Lietal.,, 2011; Pratyush et al., 2012). However, we were unable to determine suitable modifi-
cations for commercially available reagent mixes that allowed for reliable quantification of a
GC-rich templates using quantitative real-time (qRT)-PCR. DNA segments featuring unusu-
ally high GC contents (“GC-islands”) occupy only a small percentage (3%) of the mammalian
genome, but approximately 50% of all genes are controlled by promoters featuring such GC-
islands (Vavouri and Lehner, 2012). Analyzing the epigenetic mechanisms regulating their ex-
pression is difficult because the relevant techniques, such as chromatin immunoprecipitation
or chromatin accessibility by real-time PCR (Rao et al., 2001; Vanselow et al., 2006), require
reliable determination of the amount of target DNA retrieved.

MATERIAL AND METHODS
Genomic DNA extraction

Genomic DNA was extracted from the liver tissue of healthy lactating cows. Briefly, 100
mg liver tissue was ground into powder under liquid nitrogen, and then 250 mg tissue powder
was added to 3 mL proteinase K buffer containing 0.5 mg/mL proteinase K. This solution was
mixed gently and incubated at 56°C overnight. On the next day, the sample was cooled to room
temperature and an equal volume of phenol/chloroform was added, followed by gentle mixing
by inverting the tube for 10 min. The tube was centrifuged and the upper aqueous phase was
transferred to a new tube. Subsequently, 1/10 volume 3 M sodium acetate, pH 5.2, was added as
well as an equal volume of isopropanol, followed by gentle mixing. The DNA was pelleted by
centrifugation and the DNA pellet was washed with 70% ethanol. Finally, the pellet was air-dried
for 10-15 min at room temperature, dissolved in ddH,0, and stored at -20°C.

Retrieval and cloning of high-GC content sequence of candidate gene

The TLR2 promoter P1A (TLR2-P1A, Gene ID 281534) fragment with a GC con-
tent of 78.1% (Supplementary material) was amplified from genomic DNA using a PCR
amplification kit (GC-rich PCR System, REF 12140306001; Roche, Basel, Switzerland) us-
ing a touchdown PCR program with the following primers: 5'-ACGTCGGTCAGGAATTAG-
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GAT-3' and 5'-GTCACAGCCGCTTCGAGTGA-3' (forward and reverse, respectively). The
amplified target sequence was inserted into the pPGEM®-T Easy vector (Promega, Madison,
WI, USA) to obtain the standard TLR2-P1A plasmid for absolute quantification in real-time
PCR. The correct plasmid sequence was verified by sequencing. The proximal promoter 2 of
the acetyl-CoA carboxylase-alpha (ACACA-P2, Gene ID 281590) contains a high GC content
(74%; Supplementary material) and has been previously described (Mao and Seyfert, 2002).
Thus, we also cloned the target ACACA-P2 sequence into the pPGEM®-T Easy vector to further
validate our quantification method of the GC-rich DNA fragment.

qRT-PCR for quantifying the GC-rich DNA segment

The standard plasmids TLR2-P1A and ACACA-P2 were linearized by the enzyme
Scal (Fermentas, Vilnius, Lithuania). The linearized plasmid of TLR2-P1A was used as a tem-
plate for qRT-PCR to conduct the modified procedures of the commercial SYBR Green I kit.
Genomic DNA and linearized plasmid of ACACA-P2 were used to validate the final modified
SYBR Green I kit. The primers of both GC-rich sequences for real-time PCR are listed in the
Supplementary material. The qRT-PCR products were mixed gently with 2 uL loading buf-
fer, and then visualized on a 1.0% agarose gel using a gel-imagining system.

The SYBR Green I kit (Cat. No. 03515885001) was purchased from Roche. Betaine
and DMSO was purchased from Sigma (St. Louis, MO, USA).

RESULTS

Modification procedures of SYBR Green I kit for amplification of GC-rich segment

In the present study, the amplification using the original SYBR Green I reaction kit
by real-time PCR failed (Figure 1A). Hence, we applied recommendations found in literature
regarding suitable additives to PCR reagent kits to allow for amplification of DNA segment
with a high GC content. The TLR2-P1A sequence featuring 78% GC content was used as the
template for the modification procedures of the original commercial SYBR Green I kit.

A 10-pL assay using the original SYBR Green I reaction system requires preparation
of a 5-uL reagent mix consisting of 0.2 pL each of 50 uM forward and reverse primers, 2.0
pL SYBR Green [ master mix, and 2.6 nL. DEPC water, to which 5 pL DNA template solution
is added. Our strategy was to keep constant the volumes for primers and the eventually added
5-uL sample. Keeping the latter volume at 5 pL. should allow us to maintain sufficient flex-
ibility in different experimental settings. In all optimization experiments, we used 10° copies
of the linearized plasmid harboring TLR2-P1A as a template. We first modified the original
SYBR Green I kit by adding increasing concentrations (2-10%) of DMSO. The melting tem-
perature of the DNA was inversely related to the DMSO concentration, as expected (Figure
1B, right panel). The addition of 6, 8 or 10% DMSO eventually yielded sufficient amounts of
the appropriate amplicon after 40 amplification cycles. However, the Ct values were very high
(>36). Hence, we added 0.5 or 1 M betaine (stock, 10 M) to the SYBR Green mixes that had
been supplemented with 6, 8, or 10% DMSO (Figure 1C). Addition of 0.5 M betaine did not
effectively improve the Ct values. However, addition of 1 M betaine to the kit containing 8%
DMSO resulted in efficient amplification of the target and a reasonable melting temperature of
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89°C. Mixes containing 6 or 10% DMSO were both not feasible. The 6% DMSO supplemen-
tation left the melting temperature at 92°C, while the 10% DMSO concentration destabilized
the DNA to the extent that the acquisition of SYBR Green was too low (Figure 1C, filled green
circles).
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Figure 1. Modification of the original SYBR Green I kit. A. Amplification and melting curve (left hand and right
hand panels, respectively) of the linearized TLR2-P1A standard plasmid and the original kit. Different colors
of the dotted lines indicate different copy numbers of the standard plasmids added to the assays [black, control
(no template added), red to pink, 10° to 100 copies added]. B. Modification of original kit (sample a, yellow)
with different concentrations of DMSO (2-10%; b-f, respectively). C. Supplementation of the original kit with
a combination of 0.5 or 1.0 M betaine (I and II, respectively) and DMSO (6, 8, 10%; d, e, f, respectively). D.
Enhancement of the sensitivity of the modified kit (8% DMSO, 1 M betaine) by increasing the concentration of the
DNA-polymerase from 2.0 pL (SY1, original prescription by stepwise adding 0.2 pL polymerase mix (SY2-SYS5,
respectively). Inserts resolve the PCR products after the LightCycler run on ethidium bromide-stained agarose gels.
Red dots above the lanes and red dotted lines specify the results from the respective optimum condition.
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We attempted to further enhance the sensitivity of the assay by increasing the volume
added from the SYBR Green master mix from 2.0 pL/assay up to 2.8 pL. This resulted in
improved sensitivity (Figure 1D). Adding 2.6 pL of this master mix was the best compromise
between improved sensitivity and not excessively increasing the melting temperature.

Finally, the master mix of the modified kit contains, per 10 pL assay, 2.6 pL SYBR
Green mix, 0.8 uL DMSO, 1.0 pL betaine, 0.2 pL each of forward and reverse primers, 0.2 pL
diethylpyrocarbonate-treated water to which 5 uL. DNA sample may be added. The feasible
real-time PCR program using the LightCycler instrument consisted of pre-denaturation at
95°C for 10 min, 40 cycles of denaturation at 95°C for 30 s, annealing at 60°C (primer-
dependent) for 10 s, elongation at 72°C for 500 bp/min, and signal recording at 85°C for 5 s.

Validation of the stability of modified kit for quantitation of GC-rich DNA by
real-time PCR

The amplification curve of the TLR2-P1 standard curve using the modified kits il-
lustrated the dependence of amplification kinetics on the concentration of template DNA.
We applied 10°-10? copies of the linearized plasmid (Figure 2, left upper panel) and found an
inverse linear correlation between the log value of the amount of input DNA and the Ct value.
Regarding the sensitivity of the assay, we found that 1000 copies of TLR2-P1A can reliably
be measured (Figure 2, left middle panel). This is approximately 1/10th of the sensitivity of
our standard qRT-PCR assay for non-GC-rich gene templates routinely achieved using this
reagent kit (data not shown). The modified assay also reliably quantitates different concentra-
tions of genomic DNA (analyzed 400 to 50 ng; Figure 2, lower left panel).

We validated efficacy of our assay for a different sample of GC-rich DNA. The
ACACA-P2 from cattle features also has a high GC-rich content. The analysis of a dilution series
of the linearized plasmid containing the target sequence (Figure 2, right upper panel) revealed a
clear and significant dose-dependence of the Ct values based on the amount of template DNA.

DISCUSSION

Chromatin remodeling underlying the promoter region is a main factor that is highly
associated with gene transcription activity (Wiench et al., 2011). We analyzed the chromatin
structure underlying the TLR2-P1A region in the liver of cattle using chromatin accessibility by
real-time PCR. However, this sequence could only be amplified using the GC-RICH PCR kit
with normal PCR, and its amplification using the original SYBR Green I reaction kit by real-
time PCR was unsuccessful. Additionally, we could not supplement the GC-rich PCR mix with
SYBR Green to allow for DNA quantitation in real-time PCR using the LightCycler Instrument
(Roche). Hence, we conducted the present study to develop the current modified SYBR Green I
kit and real-time PCR program for reliable amplification and quantitation of GC-rich fragment.

Although numerous advances in the amplification efficiency of real-time PCR have
been made in recent years (Rutledge and Stewart, 2008; Chatterjee et al., 2012; Lievens et al.,
2012), the amplification of the DNA sequence featuring high-GC contents has not been re-
ported. The kinetic model of quantitative real-time PCR for normal DNA sequences has been
well-documented (Gevertz et al., 2005; Mehra and Hu, 2005). Hence, additional studies are
needed to elucidate the kinetic mechanism of amplification of GC-rich templates.
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Figure 2. Dose-dependence of the assay. Upper panels: dependence of the amplification kinetics on the concentration
of the template DNA; left for TLR2-P1A (10°-10? copies); right for ACACA-P2 (103-10* copies). Middle panels:
respective standard curves. Lower panel: dose-dependence of TLR2-P1A amplification on genomic DNA, positive
control (red dotted line) using 10° copies of TLR2-P1A standard plasmid.

In summary, our easily applicable modifications of the commercially available SYBR
Green I reagent mix allows for reliable quantification of GC-rich DNA sequences. This method
can be used for epigenetic techniques, such as chromatin immunoprecipitation or chromatin
accessibility by real-time PCR, and is necessary to analyze epigenetic modifications at gene
promoters with high GC content (>70%).
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