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ABSTRACT

Tetraalkylammonium (TAA) derivatives have been
reported to serve as stabilizers of asymmetrical cya-
nine dyes in aqueous solutions and to increase the
yield and efficiency of polymerase chain reaction
(PCR) detected by end-point analysis. In this study,
we compared the ability of various TAA derivatives
(with alkyl chain ranging from 1 to 5 carbons) and
some other compounds to serve as enhancers of
real-time PCR based on fluorescence detection
from intercalating dye SYBR Green I (SGI). Our data
indicate that TAA chlorides and some other TAA
derivatives serve as potent enhancers of SGI-moni-
tored real-time PCR. Optimal results were obtained
with 10–16 mM tetrapropylammonium chloride. The
effect of TAA compounds was dependent on the
nature of counter ions present and composition of
the reaction mixtures used. Based on measurements
of SGI-generated fluorescence signal in the pre-
sence of PCR-amplified DNA fragments, oligonucle-
otide primers and/or various additives, we propose
that TAA-derivatives reduce the binding of SGI to
oligonucleotide primers and thus enhance primer–
template interactions during annealing phase.
Furthermore, these compounds serve as stabilizers
of SGI-containing PCR mixtures. The combined data
indicate that TAA derivatives might be a new class of
additives contributing to robustness of real-time
PCR monitored by asymmetrical cyanine dye SGI.

INTRODUCTION

Quantitative real-time PCR is rapidly becoming an impor-
tant research tool for a variety of analytical and diagnostic
applications (1). Sequence-specific fluorescent probes
and double-stranded (ds) DNA binding dyes have been
used to continuously monitor PCR product formation.

Sequence-specific probes allow highly sensitive detection
of specific amplification products, but are relatively expen-
sive. On the other hand, dsDNA-binding dyes, such as
SYBR Green I (SGI), are inexpensive but also less specific,
because they bind to all dsDNA present in PCR mixtures,
including nonspecific products and primer-dimers.
Although some nonspecific products and primer-dimers
could be detected by analysis of melting curves, their pre-
sence reduces the sensitivity of real-time PCR monitored
by intercalating dyes. To enhance the production of spe-
cific PCR products, optimization procedures are often
employed (2). These include optimization of concentration
of components in PCR mixtures, namely concentration
of Mg2+, or DNA polymerase, and design of improved
primer sets. However, in some cases nonspecific products
are formed even when all PCR parameters are seemingly
optimized. A variety of additives and enhancing agents
have been tested to increase the specificity, yield and con-
sistency of PCR amplification. These include dimethylsulf-
oxide (DMSO) (3–5), tetramethylene (TM) sulfone (6),
TM sulfoxide (7), N,N,N-trimethylglycine monohydrate
(betaine) (8,9), formamide (10–12), tetramethylammo-
nium (TMA) chloride (13,14), TMA oxalate (15), ammo-
nium sulfate (16), acetamide (12), nonionic detergents
(17,18), glycerol (19) and trehalose (20,21). Most of
these additives have been described to have beneficial
effect on PCR amplifications as evaluated by end-point
analysis. The efficiency of these agents in real-time PCR
based on fluorescence detection from intercalating dyes is
mostly unknown. It has been reported that inhibitory
effect of SGI on PCR performance could be partially
reversed by increased concentration of Mg2+ (22) or
inclusion of DMSO (5). Other studies showed that qua-
ternary compounds, such as tetrapentylammonium (TPA)
hydroxide, TPA-bromide and tetrabutylammonium
(TBA) hydroxide, stabilized fluorescence nucleic acid
stains in aqueous solutions (23). Interestingly, tetraalkyl-
ammonium (TAA) derivatives also enhanced the stability
of SGI in agarose gels used for electrophoresis (23,24).
However, current knowledge does not make it possible
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to predict whether or not these agents would serve as
enhancers and/or stabilizers of real-time PCR based on
fluorescence detection from intercalating dye SGI.
In this study, we compared various TAA derivatives and

some other compounds as to their ability to enhance the
performance of SGI-monitored real-time PCR. Our data
indicate that TAA derivatives could serve as a new class of
additives contributing to robustness of real-time PCR
monitored by asymmetrical cyanine dye SGI and serving
as stabilizers of SGI-containing PCR reaction mixtures.

MATERIALS AND METHODS

Materials

TMA-Cl, TMA-OH, tetraethylammonium chloride
(TEA-Cl), tetrapropylammonium chloride (TPrA-Cl),
TPrA-OH, TBA-Cl, TBA-OH, TPA-Cl, TPA-OH, TM
sulfoxide, DMSO, formamide, D-(+)-trehalose dihydrate,
betaine monohydrate, and glycerol were obtained from
Fluka Chemie GmbH (Buchs, Switzerland) or Sigma-
Aldrich (Steinheim, Germany). TPA-Cl, TAA-oxalates
or TAA-acetates were prepared by neutralizing the corre-
sponding hydroxides with HCl, oxalic acid or acetic acid,
respectively. The pH of all reagents used as additives was
adjusted to 7.8–8.0. SGI was obtained from Invitrogen
(Carlsbad, CA, USA). All other chemicals were from
Sigma–Aldrich.

Real-time PCR conditions

Experiments were conducted in Mastercycler ep realplex
(Eppendorf AG, Hamburg, Germany) according to the
manufacturer’s instructions. All reactions were performed
in 10 ml reaction volumes in 96-well plates for PCR heat-
sealed with heat sealing film (Eppendorf). A standard 1�
real-time SGI-supplemented (SSG) PCR mixture con-
tained 10mM Tris–HCl, pH 8.0 (258C), 50mM KCl,
0.1% Triton X-100, 1.5mM MgCl2, 200 mM each of
dATP, dCTP, dGTP and dTTP (dNTPs), 5% DMSO,
25U/ml of Taq DNA polymerase, protease inhibitors,
0.98mM SGI (1:20 000 diluted stock of 19.6mM; molar
absorption coefficient of SGI at the absorption maximum
(494 nm) is �73 000M�1cm�1 (25)), 0.5mM primers and
cDNA or plasmid DNA. The alternative 1� real-time
SGI-supplemented (ASG) PCR mixture contained
75mM Tris–HCl, pH 8.0 (258C), 20mM (NH4)2SO4,
0.01% Tween 20, 2.5mM MgCl2, 200 mM dNTPs, 6%
DMSO, 25U/ml Taq DNA polymerase, protease inhibi-
tors, 0.98mM SGI, 0.5 mM primers and cDNA or plasmid
DNA. Also used was 1� iQTM SYBR Green Supermix
(Bio-Rad Laboratories, Hercules, CA, USA) containing
20mM Tris–HCl, pH 8.4, 50mM KCl, 3mM MgCl2,
200mM dNTPs, 25U/ml iTaq DNA polymerase, unspeci-
fied amount of SGI, 20 nM fluorescein and unspecified
stabilizers and 1� QuantiTect SYBR Green PCR kit
(QIAGEN GmbH, Hilden, Germany) containing unspeci-
fied amount of HotStartTaq DNA polymerase, Tris–HCl,
pH 8.7 (208C), KCl, (NH4)2SO4, 2.5mM MgCl2,
dNTPs including dUTP, SYBR Green I and Rox passive
reference dye.

For real-time PCR amplification of genomic DNA frag-
ments we used PCR mixture, denoted GSB, containing
at a final 1� concentration 20mM Tris–HCl, pH 8.8
(258C), 10mM (NH4)2SO4, 10mM KCl, 2mM MgSO4,
200 mM dNTPs, 25U/ml Taq DNA polymerase,
protease inhibitors, 0.65 mMSGI, 0.5 mMprimers, genomic
DNA and 22 nM anti-Taq DNA polymerase monoclonal
antibody. Hybridoma cell line producing anti-Taq DNA
polymerase antibody (clone 4/C7) was prepared after
immunization of BALB/c mice with Thermus aquaticus
DNA polymerase, fusion of spleen cells from immunized
mice with SP2 myeloma cells as described (26), and selec-
tion and cloning of hybridoma cell line producing antibody
specific for Taq DNA polymerase as determined by
ELISA (27). The anti-Taq/4/C7 antibody, which is of the
IgG1 subclass, inhibited the enzymatic activity of Taq
DNA polymerase by >95%, as determined by DNA
polymerase assay using activated salmon testes DNA as
a substrate (27). A 200 bp fragment of human CD4
cloned in plasmid vector (Seegene, Seoul, Korea) was
amplified with forward primer 50-GTCTACCAGGCATT
CGCTTCAT-30 and reverse primer 50-CTGTGAATGCT
GCGACTACGAT-30. In some experiments, a segment of
171 bps of rat actin cDNA was amplified using forward
primer 50-ACTCTTCCAGCCTTCCTTC-3’ and reverse
primer 50-ATCTCCTTCTGCATCCTGTC-3’. For ampli-
fication of 864 bp genomic DNA fragment of mouse Thy-1
gene, a Thy-1 primer set was used, forward primer,
50-ATGAACCCAGCCATCAGCG-30 and reverse primer
50-GGGTAAGGACCTTGATATAGG-30. Thermal
cycling consisted of an initial denaturation at 958C for
2min followed by 40 cycles of denaturation at 948C for
15 s, annealing at various temperatures for 15 s, and exten-
sion at 728C for 60 s (for genomic DNA) or 20 s for other
amplifications. Commercial real-time PCR master mixes
were used according to recommended conditions, includ-
ing initial DNA polymerase activation step of 15min at
958C for QuantiTect SYBR Green PCR kit. Melting
curve analysis was carried out from 708C to 958C with
0.28C increments. In some experiments DNA amplicons
were visualized on agarose gels stained with ethidium bro-
mide (0.5 mg/ml). Threshold cycle (Ct) values were deter-
mined by automated threshold analysis. PCR efficiencies
(E), were determined from dilutions of DNA and calcu-
lated from the slopes of the standard curves according to
the equation, E=10�1/a�1, where a is the slope of the
corresponding standard curve. The specificity of PCR pro-
ducts was checked by agarose gel electrophoresis.

RNA extraction and cDNA synthesis

RNA was extracted from 2H3 clone of rat basophilic leu-
kemia (RBL-2H3) cells cultured under standard conditions
(28) using Tri reagent (Sigma–Aldrich). The amount of
RNA was determined by spectrophotometer ND-1000
(NanoDrop Technologies, Inc., Wilmington, DE, USA).
Single-stranded cDNA was synthesized by means of
mouse moloney leukemia virus reverse transcriptase
(Invitrogen) according to manufacturer’s instructions
using 10 mg of isolated RNA and 50 ng of random hexam-
ers per reaction.
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Isolation of PCR-generated DNA fragments

A 200 bp fragment of humanCD4was amplified by PCR as
described above and isolated through its binding to diato-
maceous earth particles in the presence of chaotropic agent
guanidine thiocyanate (29). DNA was eluted from the par-
ticles with DNAse-free water. Concentration of PCR pro-
duct was determined by spectrophotometer ND-100.

Genomic DNA

Genomic DNA was isolated from C57BL/6 mouse tails as
described (30). The mass of the haploid mouse genome
(C-value) is �3.3 pg (http://www.genomesize.com) and
therefore 1 ng of mouse genomic DNA contains �330
copies of a single-copy gene. This number was used for
generation of standard curve of Ct values from amplifica-
tion plots versus log copy number (logQ).

SGI fluorescence measurements

Two-times concentrated SGI solution, containing 20mM
Tris–HCl, pH 8.0, 100mM KCl, 0.2% Triton X-100 and
1.96 mM SGI, was supplemented with isolated PCR ampli-
cons (final concentration 5 mg/ml), oligonucleotide primers
(0.4 mM), DMSO (5%), H2O and/or TAA-derivatives
(16mM) to get 1� concentrated SGI solution. Ten micro-
liter aliquots were transferred to 96-well PCR plates, heat-
sealed, and fluorescence reading was carried out on
Mastercycler ep realplex at 688C or 558C. Alternatively,
fluorescence reading was carried out from 358C to 808C,
recording fluorescence each 0.28C increment. Fluorescence
of SGI was tested with the primers described above, and
several other primers including primer for mouse glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH1), 50-ATG
ACATCAAGAAGGTGGTG-30, linker of activated T
cells (LAT), 50-CTGGGGAGCAGCCTTGAGTAG-30,
mouse/rat interleukin-6 (IL6), 50-AAATAGTCCTTCC
TACCCCAA-30, mouse/human/rat actin 50-ACTCTTCC
AGCCTTCCTTC-30, poly(A)20, poly(T)20. All primers
were checked for hairpin and dimer formation by means
of NetPrimer program (http://www.premierbiosoft.com).
The primers were used at concentration 0.2mM.

RESULTS

In initial experiments we used SGI-containing PCR mix-
ture without DMSO (SSG-) and analyzed the effect of
three previously described additives, DMSO (5), TM-sulf-
oxide (7) and glycerol (19), on real-time PCR amplification
of CD4 DNA fragment. Ct values at various concentra-
tions of the additives were determined and normalized to
the lowest Ct value obtained in a given experiment. In the
absence of any additive, PCRmixture based on SSG- failed
to give any specific amplification signal indicating that
0.98 mM SGI inhibited the PCR. This conclusion was cor-
roborated by agarose gel electrophoresis where the
expected DNA amplicon was observed only in reactions
without SGI (not shown). The observed inhibitory effect
was not reversed by enhanced MgCl2 concentration up to
5mM. As expected (5), addition of DMSO enhanced the
PCR performance, as inferred from decreased Ct values in

a broad range of concentrations (0.2–1.6M) with the peak
at �0.8M (Figure 1). TM sulfoxide raised the PCR perfor-
mance only slightly less than DMSO but within a much
narrower range of concentrations (0.3–0.8M) peaking at
�0.4M. Some improvement was also observed in PCR
mixtures supplemented with a broad range of concentra-
tions of glycerol (0.5–1.8M) with maximum at �1M.
When the SSG- reaction mixtures were supplemented

with various concentrations of TMA-Cl or TPrA-Cl, no
amplification of DNA fragments was detected by enhanced
fluorescence of SGI or agarose gel electrophoresis (not
shown). However, if TMA-Cl was added to SSG mixture
containing DMSO, a distinct decrease in Ct values was
observed (Figure 2). With the size of alkyl chain increasing
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Figure 1. The effect of additives on SGI-based qPCR performance.
Standard SSG PCR mixtures, without DMSO, were supplemented
with various concentrations of glycerol, TM-sulfoxide or DMSO and
qPCRs were performed using cloned CD4 as a template. The lowest Ct
value, obtained at a concentration of DMSO (0.8M), was subtracted
from Ct values of qPCR with additives at various concentrations
(�Ct). Means� SD from three experiments are shown.
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Figure 2. Enhanced performance of SGI-based qPCR by TMA-Cl,
TEA-Cl, TPrA-Cl or TBA-Cl. Five percent DMSO-containing SSG
PCR mixtures were supplemented with various concentrations of the
additives and qPCRs were performed using cloned CD4 as a template.
The Ct values obtained in PCR mixtures without TAA-Cl additives
were subtracted from the Ct values obtained in the presence of addi-
tives (�Ct). Means�SD from two experiments are shown.
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from 1 to 3 carbons, the range of concentrations of TAA-
chlorides enhancing PCR performance rose. Best results
were obtained with TPrA-Cl, which was found to enhance
PCR performance within a large range of concentrations
(0.5–40mM) with a peak at �20mM (Figure 2).
Previously we have found that oxalate anion can enhance

the specificity and efficiency of TMA enhancer as detected
by PCR end-point analysis (15). In further work we there-
fore analyzed the real-time PCR performance of SSG mix-
tures supplemented with TAA derivatives with various
anions and CD4 as a template. Data summarized in
Table 1 indicate that all TAA-chlorides raised the real-
time PCR efficiency. Comparable results were obtained
with optimal concentrations of the TAA-Cls with 1–4
carbons in alkyl chain; however, with TPA-Cl, the perfor-
mance decreased. In contrast, none TAA-oxalates were
capable of decreasing Ct values. Acetate anions showed
some improvement of PCR but only in TAA derivatives
with 3 or 4 alkyl chains and were less potent than chloride
anions. Inclusion of betaine also lowered the Ct values,
but formamide and D-(+)-trehalose had no enhancing
effect. Inclusion of additives at concentrations giving the

lowest Ct values also reduced the melting temperature.
The observed decrease was dependent on the number of
alkyl chains; the lowest and highest decrease was seen
with TMA-Cl and TPrA-acetate. However, there was no
correlation between the drop in melting temperature and
decline in Ct values. The reagents also differed in their
ability to inhibit real-time PCR. As shown in Table 1,
TPA-Cl inhibited PCR at relatively low concentrations
(1.6� 0.6mM), whereas TPrA-Cl was inhibitory at
50.4� 5.2mM.

Using temperature gradient function of Mastercycler ep
realplex, we also studied the changes in optimal annealing
temperatures in SSG PCR mixtures with various additives
(Figure 3). When DNA fragment of CD4 was amplified,
optimal annealing temperature was found to be 628C.
Inclusion of 16mM TMA-Cl or TPrA-Cl caused not
only a decrease in Ct values but also a broader range of
optimal annealing temperatures.

Next we analyzed the changes in PCR efficiencies under
different conditions. For these experiments the CD4 tem-
plate was serially diluted and added to master mixes differ-
ing in composition. As shown in Figure 4A, SSG PCR
mixtures supplemented with 16mM TMA-Cl or TPrA-Cl
exhibited enhanced efficiencies, respectively, E=0.85 and
E=0.90, compared to controls supplemented with vehicle
(water) alone (E=0.65). Data from four such experiments
showed that TMA-Cl-mediated increase in PCR efficiency
was significant (Figure 4B, SSG, dsDNA). Similar increase
was also observed with ASG master mixes or with iQ
SYBR Green Supermixes from Bio-Rad Laboratories.
When actin cDNA was amplified using SSG PCR mixture
or iQTM SYBR Green Supermix, both supplemented with
16mM TMA-Cl, a significant increase in PCR efficiency
was also found (Figure 4B, cDNA). These data indicate
that addition of cDNA mixture in reverse transcriptase
reaction buffer does not interfere with TMA-Cl perfor-
mance; in fact, actin cDNA was amplified in general with

Table 1. Effect of tested additives on efficiency and inhibition of real-

time PCR

Additive �Cta �MT at
maximum
efficiencyb

Ct >40c

TMA-Cl �4.1� 0.8
(8–16mM)

�0.3 39.0� 7.3mM

TMA-oxalate N
TMA-acetate N
TEA-Cl �4.0� 0.5

(8–24mM)
�1.0 43.9� 9.8mM

TPrA-Cl �4.6� 0.6
(10–40mM)

�2.0 50.4� 5.2mM

TPrA-oxalate N
TPrA-acetate �3.8� 0.1

(10–20mM)
�2.4 40.5� 4.5mM

TBA-Cl �4.2� 0.5
(8–16mM)

�2.2 45.0� 3.8mM

TBA-oxalate N
TBA-acetate �2.8� 0.4

(2.5–8mM)
�1.1 45.0� 5.0mM

TPA-Cl �1.6� 0.2
(0.3–1.25mM)

�0.6 1.6� 0.6mM

TPA-oxalate N
TPA-acetate N
Formamide N
D-(+)-s dihydrate N
Betaine

monohydrate
�2.0� 0.4
(50–74mM)

�0.8 84.0� 8.4mM

a�Ct represents difference between minimal Ct value obtained during
amplification of CD4 DNA fragment in SSG PCR mixture supplemen-
ted with different concentrations of the tested additive and minimal Ct
value in the absence of additives; an increase in negative �Ct value is
indicative of enhanced performance of PCR. Means� SD were calcu-
lated from 4 to 11 experiments. N indicates no improvements of PCR
performance at any concentration (range 0–100mM) of the additive
tested. Range of concentrations of the additive giving minimal Ct
values in various experiments is shown in parenthesis.
b�MT represents difference in melting temperature between sample
with and without additive.
cFor PCR performance-enhancing additives, their concentrations which
inhibit PCR performance reflected in an increase in Ct values exceeding 40
are shown; means� SD were determined from at least three experiments.
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Figure 3. The effect of additives on optimal annealing temperature.
Standard SSG PCR mixtures without TAA-additives (filled circle;
Control) or supplemented with 16mM TMA-Cl (open square) or
16mM TPrA-Cl (open triangle) were run using cloned CD4 as a tem-
plate and qPCR temperature gradient function from 548C to 688C.
Means� SD from three experiments are shown.
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higher efficiency, indicating better optimized conditions for
amplification of this template.

In an attempt to explain the enhancing effect of TAA-
derivatives on SGI-monitored real-time PCR, we evaluated
SGI fluorescence under various conditions. In initial exper-
iments we measured fluorescence at annealing temperature
(558C) in SGI solutions supplemented with forward
CD4 primer or isolated 200 bp CD4 dsDNA amplicon.
Data presented in Figure 5A show that addition of oligo-
nucleotide primer significantly increased SGI fluorescence.
When DMSO (5% final concentration) or TMA-Cl

(16mM final concentration) were added, fluorescence was
significantly inhibited. Oligonucleotide primer-induced
SGI fluorescence was completely inhibited when both
TMA-Cl and DMSO were added together. Addition of
CD4 dsDNA amplicons to SGI solution resulted in a
dramatically enhanced fluorescence, which could be
weakly but reproducibly inhibited by DMSO. In contrast
to oligonucleotide primers, however, SGI fluorescence was
enhanced by TMA-Cl, and DMSO reduced this enhanced
fluorescence to levels observed in samples without addi-
tives. The effect of TAA-Cls and DMSO on fluorescence
of SGI-dsDNA and SGI-oligonucleotide primer complexes
was further analyzed in experiments in which all
TAA-Cls employed in this study were successively used.
Data presented in Figure 5B show that TAA-Cls with 1–3
carbons enhanced fluorescence of SGI-dsDNA, whereas
TBA-Cl was without effect. Interestingly, TPA-Cl
enhanced fluorescence of SGI-dsDNA substantially more
than did other TAA-Cls. In all cases, DMSO partially
inhibited the fluorescence. In contrast, TAA-Cls had differ-
ent effect on fluorescence of SGI-oligonucleotide primers;
fluorescence was inhibited by TAA-Cl with 1–4 carbons
and this inhibition was potentiated by DMSO, whereas
TPA-Cl alone or in combination withDMSO had no inhib-
itory effect (Figure 5C). Inhibitory effect of TMA-Cl and
DMSO was observed with several other primers tested,
including a primer for GAPDH and reverse primer for
CD4 (not shown).
To decide whether SGI-mediated inhibition of PCR is

dependent on primers concentration, we analyzed by aga-
rose gel electrophoresis production of PCR amplicons in
reaction mixtures with or without SGI and various con-
centrations of primers. Data shown in Figure 5D indicate
that, at low concentration of primers (20 nM), specific
PCR amplicons were formed in the absence of SGI, but
were completely inhibited in its presence. Increasing con-
centrations of primers to 40 and 60 nM resulted in
enhanced production of PCR amplicons, which remained
lower in SGI-supplemented reaction mixtures; thus SGI
could interfere with annealing of primers and initiation
of PCR.
The observed enhanced fluorescence of SGI in the pre-

sence of oligonucleotide primers was surprising and could
be explained by suboptimal design of primers forming
hairpins and/or dimers. In further experiments we there-
fore evaluated that SGI fluorescence in the presence of
such individual primers exhibit no secondary structures
and/or dimers as determined by NetPrimer analysis.
Data presented in Figure 6A show that rising temperature
caused a slight decrease of SGI fluorescence. If
SGI-containing solutions were supplemented with LAT
primer (Figure 6A), reverse CD4 primer (Figure 6B) or
GAPDH1, IL-6 or actin primer (not shown), enhanced
fluorescence of SGI was observed at 358C. Rising
temperature caused a gradual decrease in SGI fluores-
cence; at 658C and above the primers contributed only
very little to enhanced SGI fluorescence. Surprisingly,
poly(A)20 oligonucleotide (Figure 6A) and poly(T)20
oligonucleotide (Figure 6B) also enhanced SGI fluores-
cence, indicating that SGI could directly interact with
ssDNA. When poly(A)20 oligonucleotide was mixed with
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Figure 4. Enhanced efficiencies of SSG PCR mixtures supplemented
with TMA-Cl or TPrA-Cl. (A) Tenfold serial dilutions of the CD4
DNA template were amplified with the corresponding primers in tripli-
cates in standard SSG mixtures without additives (filled circle; Control)
or supplemented with 16mM TMA-Cl (open circle) or 16mM TPrA-Cl
(inverted filled triangle). Standard curves were obtained for control
(E=0.65; R2=0.997), TMA-Cl-supplemented (E=0.85; R2=0.995)
and TPrA-Cl-supplemented (E=0.90; R2=0.997) PCR mixtures.
Typical experiments from 4 (Control and TMA-Cl) or 2 (TPrA-Cl)
performed are shown. (B) Tenfold serial dilutions of the CD4 plasmid
template (dsDNA) or cDNA from RBL-2H3 cells (cDNA) were ampli-
fied with primers for CD4 or actin, respectively, in triplicates in SSG,
ASG or iQ SYBR Green Supermix from Bio-Rad (BR) Laboratories
PCR mixtures, supplemented (grey column) or not (black column) with
16mM TMA-Cl. Efficiencies were calculated from standard curves.
Means� SD were calculated from at least three independent experi-
ments. Statistical significance of the differences between controls and
TMA-Cl-supplemented samples is also shown; �P� 0.05; ��P� 0.01.
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16mM TPrA-Cl, a clear decrease in SGI fluorescence was
observed (Figure 6C). As expected, mixing poly(A)20 with
poly(T)20 induced a dramatic increase in SGI fluorescence,
and TPrA-Cl at temperature range 35–658C decreased it
(Figure 6D). The combined data indicate that even homo-
polymeric oligonucleotides could interact with SGI, and
thus strengthen the concept that SGI could interact with
ssDNA oligonucleotide primers.

TAA-Cls at concentrations enhancing RT–PCR perfor-
mance were also tested for their contribution to stability of
SSG PCR master mixes. Two-times concentrated master
mixes were supplemented or not with 32mM TMA-Cl,
TEA-Cl, TPrA-Cl or TBA-Cl and stored at �20 or 378C
in the dark. After 2 weeks they were supplemented with
CD4 template DNA, primers and water and used for real-
time PCR. Freshly prepared SSG PCR mixes with or with-
out additives were prepared and also used for PCR as
controls. Data presented in Figure 7 indicate that all
master mixes supplemented with TAA-Cls showed signifi-
cantly lower Ct values than those without additives.
Interestingly, storage of SSG master mixes at �208C or
even at 378C for two weeks had no negative effect on their
PCR performance.

Finally, we checked whether TAA derivatives could
improve SGI-monitored amplification of difficult tem-
plates. For these experiments we used mouse genomic
DNA and amplified 864 bps fragment of mouse Thy-1
gene. In pilot experiments we found that Thy-1 amplicons
were not detectable by SGI fluorescence measurement or
agarose gel electrophoresis when SSG, ASG, iQTM SYBR
Green Supermix or QuantiTect SYBR Green PCR kit
under optimized conditions were used. Removal of SGI
from SSG or ASG master mixes resulted in production
of the expected 864 bps amplicon, confirming the inhib-
itory effect of SGI in this system. Addition of TMA-Cl
or TPrA-Cl at concentrations 5–30mM to various SGI-
based PCR mixtures did not enhance production of the
864 bp Thy-1 amplicons as detected by agarose gel electro-
phoresis. To solve this problem we performed a series of
optimization experiments and prepared a new DMSO-free
PCR mixture, denoted GSB, the composition of which is
described in ‘Materials and Methods’ section. When Thy-1
fragment was amplified in GSB-based mixture, PCR
efficiency was 0.60� 0.12 (mean� SD, n=3, Figure 8A).
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Figure 5. Interaction of SYBR with single-stranded oligonucleotide pri-
mers or dsDNA fragments. (A) SYBR-containing solutions were sup-
plemented with water alone (Cw), CD4 forward primer (Primer) or
PCR amplified CD4 fragment (dsDNA), DMSO (+, filled columns,
final concentration 5%) and/or TMA-Cl (+, final concentration
16mM). Fluorescence of the samples was determined in Mastercycler
ep realplex at 558C. (B) SYBR-containing solutions were supplemented
with water (Cw), or dsDNA-amplified CD4 fragment, DMSO (+, filled

columns, final concentration 5%) and the indicated TAA-Cls at final
concentration 16mM. Fluorescence was determined at 688C and nor-
malized to samples without additives (Control). (C) SYBR-containing
solutions were supplemented and analyzed as in (B) except that Thy-1.2
primer was used and fluorescence was determined at 558C. Means� SD
were calculated from at least three independent experiments performed
in triplicates or quadruplicates. Statistical significance of the differences
between samples is also shown; �P� 0.05, ��P� 0.01. Asterisks over
columns indicate statistical significance of differences between samples
with and without DMSO. (D) Fragment of Thy-1 genomic DNA was
amplified in standard real-time PCR mixture with different concentra-
tions of Thy-1 primers (20, 40 or 60 nM) in the absence (�) or presence
(+) of 0.98 mM SYBR. After 30 cycles, PCR amplicons were analyzed
by agarose gel electrophoresis. Position of DNA markers in the middle
of the gel is also indicated. Arrows indicate position of 864 bps Thy-1
amplicon. Relative amounts of Thy-1 fragments generated during PCR
were determined by densitometry and normalized to the amount of
Thy-1 amplicons produced in PCR with 20 nM primers but without
SYBR (Fold). A typical experiment of two performed is shown.
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In the presence of TPrA-Cl at optimal concentration
10mM, efficiency was increased to 0.81� 0.08 (n=4;
Figure 8B). Agarose gel electrophoresis after real-time
PCR confirmed generation of the corresponding band
and enhanced production of the Thy-1 amplicons in
TPrA-Cl-supplemented PCR mixtures (Figure 8C). It
should be noted that addition of TPrA-Cl also decreased
nonspecific amplification as reflected by lower ‘back-
ground’. Similar results were observed when genomic
fragments of Thy-1 and three other genes were amplified
in the presence of 10mM TPrA-Cl, TMA-Cl or TEA-Cl
(not shown). The combined data indicate that addition of
TAA-Cls improves SGI-monitored real-time PCR perfor-
mance even when difficult genomic fragments are ampli-
fied. Key factor for amplification of large genomic
fragments in the presence of SGI is to use GSB PCR
mixture.

DISCUSSION

Data presented in this study indicate that TAA derivatives
could serve as potent enhancers of SGI-monitored real-
time PCR. The effect of TAA derivatives depended on
the nature of ions present. The strongest effect was
observed with TAA-cations with 1–4 carbons in alkyl
chain combined with chloride as anion. TPA-Cl with 5
carbons in alkyl chain was less potent. As concerns
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stored under different conditions. Two-times concentrated SSG PCR
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�P� 0.05, ��P� 0.01.
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TAA derivatives with acetate as anion, the enhancing
effect was confined only to TPrA-acetate and TBA-acetate
(Table 1). In contrast to previous results showing that
TMA-oxalate enhances the specificity and yield of PCRs
evaluated by end-point analysis (15), all TAA-oxalates
failed to act as SGI-monitored real-time PCR enhancers.
Although melting temperature slightly decreased with
increasing size of alkyl chain (up to 3 carbons), optimal
annealing temperature was not dramatically changed, thus
corroborating previous findings (13).
Molecular mechanism of the enhancing effect of TAA-

derivatives on real-time PCR is unknown. Several possibil-
ities may be considered. First, TMA-Cl is known to
increase thermal stability of AT base pair (31,32). The
enhanced AT base-pair stability could thus contribute to
a more efficient binding of primers to the template and to a
more efficient amplification in the presence of TAA-Cls.
Our finding that optimal annealing temperature was simi-
lar in control and TAA-Cls-supplemented PCR mixtures,
however, suggests that contribution of the additives to the
base-pairs stability is small. It should also be noted that the
effect of TMA-Cl on base-pairs stability was in previous
studies observed at relatively high concentrations of TMA-
Cl (3M), whereas the enhancing effect on real-time PCR

was effected at much lower concentrations (�16mM);
higher concentrations (>32mM) were inhibitory. Second,
additives could interfere with the inhibitory effect of SGI
on PCR. This possibility is supported by our finding that in
the absence of fluorescence dye the template amplification,
evaluated by end-point analysis, was of comparable extent
in both control and TAA-Cl-supplemented samples. The
structure of SGI and its positive charges (25) should allow
its interaction with negative electrostatic potential in the
minor groove. Furthermore, van der Waals interactions
within the boundaries of the minor groove are likely to
contribute to its high affinity for dsDNA. These inter-
actions could be affected by TAA-containing solutions.
The highest SGI-derived fluorescence signal was observed
in solution supplemented with TPA-Cl (Figure 5B).
However, TPA-Cl had only small effect on RT–PCR
performance, a finding suggesting that enhanced SGI bind-
ing rather inhibits than promotes PCR amplification.
Interestingly, the enhanced fluorescence observed in
samples with TAA derivatives was decreased in samples
supplemented with DMSO. Thus, DMSO could contribute
to enhanced PCR performance by partially reducing the
binding of SGI to DNA. Yet these effects were relatively
small and do not explain those dramatic changes induced
by DMSO and TAA derivatives. Third, it is known that
SGI binds with low efficiency to single-stranded DNA (25).
In fact, addition of primers to SGI solution enhanced
significantly fluorescence signal measured at annealing
temperature. Interestingly, the signal was inhibited by
TAA-derivatives, and DMSO further enhanced the inhib-
itory effect. Disparate effects of TAA-derivatives and
DMSO on SGI binding to primers and dsDNA suggest
different underlying binding mechanisms. When samples
containing SGI and oligonucleotide primers were supple-
mented with TPA-Cl and DMSO or vehicle (water),
comparable fluorescence was observed (Figure 5C); these
data suggest that DMSO and TAA-derivatives do not
interfere with fluorescence signal detection, but rather
with binding of SGI to primers and generation of fluores-
cence signal. Unexpectedly, enhanced SGI fluorescence
was also observed in samples with poly(A)20 and
poly(T)20, which have no possibility to form complemen-
tary secondary structures and/or duplexes, and again
TPrA-Cl inhibited this fluorescence. In view of these
findings we propose that SGI could inhibit amplification
through its binding to primers by a distinct mechanism,
one which interferes with their annealing and/or initia-
tion of polymerase reaction. This conclusion was cor-
roborated by other experimental data indicating that
production of electrophoretically detectable amplicons
at limiting concentrations of primers was inhibited in
the presence of SGI. Obviously, it is still possible that
SGI could also affect PCR efficiency by some other
mechanism(s).

In initial experiments we used SGI-supplemented home-
made or commercial real-time PCR master mixes, which
performed well when relatively short (100–400 bp) DNA or
cDNA fragments were amplified. When TAA-Cls (up to
four carbons) were added, PCR efficiency during amplifica-
tion of such fragments was enhanced. However, with larger
genomic fragments (>800 bps) in the presence of SGI,
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Figure 8. Effect of TPrA-Cl on PCR performance using genomic DNA
as a template. (A and B) Genomic DNA was 3-fold diluted and used as
a template for real-time PCR using GSB reaction mixes without (A) or
with (B) 10mM TPrA-Cl. Thy-1 fragment of 864 bps was amplified
using the corresponding primer set. Ct values were obtained from
amplification curves and plotted against calculated copy numbers
(logQ). Typical experiments from 3 (A) or 4 (B) performed. (C) After
40 cycles of PCR amplification the samples were analyzed by agarose
gel electrophoresis. Lines 1–5 and 6–10 correspond to samples run,
respectively, in the absence or presence of TPrA-Cl. Lines 1+6,
2+7, 3+8 and 4+9 correspond to samples containing template
DNA at concentrations, respectively, 0.3, 0.9, 2.7 and 8.1 ng/ml. Lines
5+10 did not contain template DNA.
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amplification was inhibited in all tested SGI-supplemented
master mixes regardless of the presence or absence of
various concentrations of TAA-Cls. Evidently, SGI was
the inhibitor because its withdrawal led to easily detectable
products end-point agarose gel electrophoresis. To solve
this problem we formulated new SGI-based PCR mixture,
GSB, which allowed amplification of longer genomic frag-
ments in the presence of SGI. PCR performance in GSB-
based mixtures was also enhanced by TAA-Cls, confirming
general suitability of these additives for SGI-based real-
time PCR analysis. At the same time, addition of TAA-
Cls decreased nonspecific amplicons often observed when
genomic fragments are amplified even under seemingly
optimal conditions. It has been reported previously
that SGI is not chemically stable for >3 weeks (33).
Furthermore, Karsai and co-workers found that SGI
degradation products are potent inhibitors of PCR (34).
Our data that TAA derivatives protect SGI-containing
PCR mixes from aging, comply with and somewhat
extend the previous findings that TAA derivatives stabilize
SGI in agarose gels (23). Inclusion of TAA derivatives not
only enhances the efficiency of SGI-containing PPP master
mixes but also contributes to their increased stability even
at 378C. This should facilitate their handling.
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We thank Lukáš Kocanda and Hanka Mrázová for skilled
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characterization of permanent murine hybridomas secreting
monoclonal anti-Thy-1 antibodies. J. Immunogenet., 7, 455–474.

27. Scalice,E.R., Sharkey,D.J. and Daiss,J.L. (1994) Monoclonal
antibodies prepared against the DNA polymerase from Thermus
aquaticus are potent inhibitors of enzyme activity. J. Immunol.
Methods, 172, 147–163.
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