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Abstract

Polymerase stop assays used to quantify DNA damage assume that single lesions are sufficient to block polymerase progression.
To test the effect of specific lesions on PCR amplification efficiency, we amplified synthetic 90 base oligonucleotides containing
normal or modified DNA bases using real-time PCR and determined the relative threshold cycle amplification efficiency of each
template. We found that while the amplification efficiencies of templates containing a single 8-oxo-7,8-dihydro-2’'-deoxyguanosine
(8-0x0dG) were not significantly perturbed, the presence of a single 8-ox0-7,8-dihydro-2’-deoxyadenosine, abasic site, or a cis—syn
thymidine dimer dramatically reduced amplification efficiency. In addition, while templates containing two 8-oxodGs separated by
13 bases amplified as well as the unmodified template, the presence of two tandem 8-0xodGs substantially hindered amplification.
From these findings, we conclude that the reduction in polymerase progression is dependent on the type of damage and the relative

position of lesions within the template.
© 2004 Elsevier Inc. All rights reserved.
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DNA in living cells can be damaged by chemical and
physical processes. For example, reactive oxygen species
can react with 2’-deoxyguanosine to form 8-0xo0-7,8-
dihydro-2'-deoxyguanosine (8-oxodG) or with 2’-deoxy-
adenosine to form 8-0x0-7,8-dihydro-2'-deoxyadenosine
(8-oxodA) [1-4]. These and other modified bases have
altered base pairing properties which can lead to substi-
tution mutations. Inherited defects in DNA repair path-
ways confer susceptibility to certain cancers and
developmental disorders. These observations suggest
that DNA damage is a preliminary step in carcinogene-
sis and may play a role in the aging process [5-7]. Assays
for DNA damage are therefore needed for experimental
monitoring of DNA repair pathways and clinical diag-
nosis of DNA repair defects [8].
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Several assays have been developed to determine the
extent of DNA damage and subsequent repair in living
cells [8-15]. Detection by Southern analysis involves
treatment of damaged DNA with lesion-specific endo-
nucleases followed by hybridization of filter-bound
restriction fragments to a gene-specific probe. Lesion-
specific digestion reduces the signal intensity of the tar-
get gene and the frequency of lesions is proportional to
the decrease in probe hybridization [9,10]. The require-
ment for relatively large amounts of DNA in this meth-
od led to the development of quantitative polymerase
chain reaction (QPCR) methods [8,11-15]. These meth-
ods are based on the blocking of thermostable DNA
polymerase progression by lesions in the DNA template
which results in a decrease in the overall rate of PCR
product formation [8,13—15]. Under the assumption that
a single lesion is sufficient to block polymerase progres-
sion, the QPCR method effectively measures the fraction


mailto:primeran@marshall.edu 

824 J.A. Sikorsky et al. | Biochemical and Biophysical Research Communications 323 (2004) 823-830

of undamaged templates. DNA damage results in a reduc-
tion in template amplification and can be expressed as le-
sions per kilobase. Using this method, differences in the
rates of DNA repair between mitochondrial (mtDNA)
and nuclear DNA have been documented [13].

The polymerase chain reaction measured in real time
is becoming the standard method for quantifying DNA
and RNA [16,17]. Several mathematical methods are
available for determining the input template copy num-
ber from real-time PCR data. Threshold cycle (Cr)
methods determine input template amounts by compar-
ing the Ct value from an unknown template to Ct val-
ues from templates of known copy number [18,19]. In
the standard curve method, Cr is plotted against the log-
arithm of copy number for a series of known input tem-
plates and the copy number of the unknown template is
determined by linear regression [18]. When using a stan-
dard curve method, either relative or absolute quantifi-
cation can be achieved [18]. The comparative threshold
method expresses relative changes in gene expression
with normalization to a reference (housekeeping) gene
using the 272" formula [19]. The method rests on
the assumptions that the amplification efficiencies of
the target and reference genes are approximately equal
and that the amplification efficiencies of both genes in
exponential phase are close to one [19]. In an alternative
method developed by Liu and Saint [20], amplification
efficiencies derived from kinetic curves are used to deter-
mine relative transcript abundance. This method does
not require equivalent amplification efficiencies and
obviates the need for standard curve construction. More
recently, these workers observed that amplification effi-
ciencies change dynamically during simulated PCRs
and validated a mathematical method in which input
template amounts are determined from amplification
curve parameters [21].

Although the effect of base modifications on Esche-
richia coli DNA polymerase progression has been docu-
mented by several groups [3,22-26], their effects on Tagq
polymerase progression and PCR amplification effi-
ciency have not been well characterized [27]. To study
the influence of defined lesions on PCR amplification
efficiency, we synthesized a series of 90 base oligonucle-
otides containing 8-0xodG, 8-0xodA, an abasic site, or a
cis—syn cyclobutane thymidine dimer (TT dimer) and
amplified them using real-time PCR. We developed a
new method for determining the amplification efficiency
of Taq polymerase based on the comparative threshold
method of Livak and Schmittgen [19] and found that:
(1) the amplification efficiencies of templates containing
single 8-oxodA, abasic, or TT dimer base lesions were
drastically reduced in comparison to unmodified tem-
plates, (2) the amplification efficiency of templates with
a single 8-oxodG was equivalent to the unmodified tem-
plate, and (3) the juxtaposition of two 8-0xodG bases
dramatically reduced amplification rates.

Materials and methods

Preparation of oligonucleotide templates. Ninety base oligonucleo-
tides were synthesized on an Applied Biosystems (ABI, Foster City,
CA) Model 394 DNA Synthesizer in the Marshall University DNA
Core Facility using low volume 200 nmol cycles with 30 s coupling
time and standard phosphoramidite chemistry [28,29]. The sequence of
the unmodified 90 base oligonucleotide was equivalent to a portion of
the human mitochondrial Hypervariable Region One (Anderson
sequence 15989-16078 [30]). 7,8-Dihydro-8-oxo-2’-deoxyguanosine,
7,8-dihydro-8-oxo-2’-deoxyadenosine, abasic site (tetrahydrofuran
analogue), and cis—syn thymidine dimer were introduced at specific
positions as indicated in Table 1 using DNA damage base cyanoethyl
phosphoramidites (Glen Research, Sterling, VA). Oligonucleotides
were synthesized in the trityl-on mode and cleaved from the polysty-
rene resin with ammonium hydroxide; 8-0xodG containing templates
were cleaved with ammonium hydroxide containing 0.25M f-
mercaptoethanol [24,31]. Oligonucleotides were purified using ABI
OPC cartridges to remove failure sequences [32] and analyzed on
Agilent BioAnalyzer RNA 6000 Nanochips (Agilent Technologies,
Palo Alto, CA). All templates had a single major band at the expected
size. Oligonucleotide templates were quantified by measuring optical
density at 260 nm, evaporated to dryness, and stored at —80 °C. Oli-
gonucleotide extinction coefficients were obtained using Oligo Primer
Analysis Software v5.0 (Molecular Biology Insights, Cascade, CO).
One hundred micromolar stock solutions of each 90-mer were pre-
pared in low TE buffer (10 mM Tris, pH 8.0; 0.1 mM EDTA) and
maintained at —20 °C to prevent template degradation.

Template amplification and real-time PCR. PCR primers were de-
signed to amplify either the full-length 90-mer oligonucleotide or a 45
base region with no base modifications [the internal control region
(ICR)] with ABI Primer Express Software v2.0. Our standard 25 pl
PCR contained 12.5 ul ABI 2x SYBR Green PCR Master Mix, 9.5 pl
of sterile deionized H,O, 1 ul of oligonucleotide template, 1 pul of
10 uM forward PCR primer (5'-CCC AAA GCT AAG ATT-3'), and
either 1 pl of 10 uM reverse PCR primer (5'-TTG ATG GGT GAG
TCA-3') for full template amplification or 1 pl of 10 uM internal
control primer (5-CAT GAA AGA ACA GAG-3') for ICR amplifi-
cation. A master mix without template was prepared based on the total
number of reactions. Oligonucleotide templates ranging from 1 amole
to 100 fmole were then added to complete the reaction. Amplifications
were performed in 96-well plates and capped with optical grade ABI
PCR strip caps. Templates were amplified under the following condi-
tions: 50 °C for 2 min, 95 °C for 10 min, and then 40 cycles of 95 °C for
20s, 54°C for 30s, and 60 °C for 1 min. PCR amplification and
detection was carried out in an ABI Model 7000 Sequence Detection
System (SDS) according to guidelines provided [18]. Cr and delta Rn
values were exported from SDS data files in comma delimited (.csv)
format. Microsoft Excel software was used to open .csv files and cal-
culate RTC efficiencies.

Derivation of the relative threshold cycle method. We developed a
method to estimate amplification efficiency (E) of modified templates
based on the observed threshold cycle (Cr) for the full-length and ICR
PCR products. Since the input template amounts in these two PCRs
were equal, any increase in Ct must result from a decrease in ampli-
fication efficiency. For unmodified templates (e.g., the ICR), if
amplification is 100% efficient, the exponential formation of PCR
product is:

x, = 2"x, (0]

where (x,,) is the total fluorescence at cycle number (1) and (xo) is the
input template fluorescence at n =0 [18,33]. During amplification of
the full-length modified oligonucleotide, unmodified products were
formed which then served as templates in subsequent cycles. During
the exponential phase of these reactions, the amount of unmodified
product (y,) at cycle number # is:



Table 1

90-mer oligonucleotides used as templates for the PCR

Oligonucleotide sequence

Template®

oooooooo.ooooooo.‘»

5'-CCCAAAGCTAAGATTCTAATTTAAACTATTCTCTGTTCTTTCATGGGGAAGCAGATTTGGGTACCACCCAAGTATTGACTCACCCATCAA-3!

Oxo CONTROL
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5'-CCCAAAGCTAAGATTCTAATTTAAACTATTCTCTGTTCTTTCATGGGXAAGCAGATTTGGGTACCACCCAAGTATTGACTCACCCATCAA-3!
5'-CCCAAAGCTAAGATTCTAATTTAAACTATTCTCTGTTCTTTCATGGGXAAGCAGATTTGGXTACCACCCAAGTATTGACTCACCCATCAA-3/
5'-CCCAAAGCTAAGATTCTAATTTAAACTATTCTCTGTTCTTTCATGGXXAAGCAGATTTGGGTACCACCCAAGTATTGACTCACCCATCAA-3!
5'-CCCAAAGCTAAGATTCTAATTTAAACTATTCTCTGTTCTTTCATGGGGYAGCAGATTTGGGTACCACCCAAGTATTGACTCACCCATCAA-3/
5'-CCCAAAGCTAAGATTCTAATTTAAACTATTCTCTGTTCTTTCATGGGGZAGCAGATTTGGGTACCACCCAAGTATTGACTCACCCATCAA-3!
5'-CCCAAAGCTAAGATTCTAATTTAAACTATTCTCTGTTCTTTCATGGGGTTGCAGATTTTGGTACCACCCAAGTATTGACTCACCCATCAA-3/

Ox0dGl (48)

OxndG2A (48,61)

Ox0dG2T (47-48)

OxodAl (49)
Abasic (49)

Dimer CONTROL

TTdimer (49-50)

5'-CCCAAAGCTAAGATTCTAATTTAAACTATTCTCTGTTCTTTCATGGGGDDGCAGATTTTGGTACCACCCAAGTATTGACTCACCCATCAA-3!

# The position of modification relative to the 5’ terminus of the oligonucleotide is indicated in parenthesis. X, Y, Z, and DD represent the insertion sites of 8-0xodG, 8-oxodA, Abasic, and cis—syn
TT dimer modifications into the oligonucleotide. The dotted arrow, the solid arrow, and the dashed arrow indicate the binding sites of the forward, full-length amplicon reverse, and internal control

region reverse primers, respectively.

Yo =21) +EM, (2)

where (E) is the amplification efficiency of 8-0xodG templates and (M)
is the fluorescence of modified templates. Prior to any amplification
there was no unmodified template present in reactions using modified
oligonucleotide as input template. With y, = 0 Eq. (2) becomes:

Vo= 2" 1)EM (3)
and the total PCR product (z,) at cycle n is given by:
z=(2"-DE+1)M. 4)

In order to determine threshold cycle for the ICR and full-length
PCRs, we chose a threshold fluorescence (7), fixed for all reactions,
which was sufficiently larger than the background fluorescence but
small enough that the reaction was still in the exponential phase.
The cycles at which the ICR and full-length PCRs reach the threshold
level are designated (Cty) and (Ctwm). By substitution into Egs. (1) and
(4), we can derive equations that relate threshold fluorescence to cycle
number for the ICR:

T =2y, (5)
and for the full-length PCR
T= (2™ - )E + 1)M. (6)

If M = x, for a given template, we can equate Egs. (5) and (6), and
solve for E:

E=(2°1v —1)/(2™ —1). (7)
This equation can be approximated to produce the simpler equation:
E 20O (8)

which represents the relative threshold cycle (RTC) amplification effi-
ciency. If Ctv = Cry and Cry > 11 the error of this last approxima-
tion is less than 0.1%.

Results

Base modifications perturb amplification efficiency to
different degrees

In order to determine the effect of base modification
on the PCR, we synthesized a set of oligonucleotides
containing either 8-0xodG, 8-oxodA or an abasic site,
and amplified either the ICR or the full-length 90-mer
using real-time PCR; primer binding sites did not span
any of the modified bases (Table 1). The observation
that all ICR amplification curves were equivalent indi-
cated that input template amounts were equal and that
the ICR was amplified with the same efficiency in each
template (Fig. 1A). While the full-length amplification
curves for the Oxo CONTROL and OxodG1 templates
were superimposable, there was a substantial right-shift
in the OxodAl, OxodG2T, and Abasic amplification
curves (Fig. 1B). We also amplified a 90 base oligonu-
cleotide which contained a TT dimer and a control tem-
plate with normal adjacent thymidine bases (Dimer
CONTROL; Table 1). A right-shift was also observed
in the amplification of the full-length TT dimer template
(Fig. 2B). Since the input template concentrations were
held constant, this right-shifting observation indicated
that the amplification efficiencies of OxodAl, Abasic,
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Fig. 1. Amplification of oligonucleotides containing 8-oxodG, 8-oxodA, and abasic modifications using real-time PCR. Curves represent an average
of five amplifications where template concentration=1 fmole/reaction. Delta Rn is the baseline subtracted PCR product fluorescence normalized to
an internal dye (ROX). (A) Amplification of 45 bp internal control region. (B) Amplification of full-length oligonucleotide (85 bp PCR product).
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Fig. 2. Amplification of oligonucleotides containing cis—syn thymidine dimer modifications using real-time PCR. Curves represent an average of five
amplifications where template concentration=1 fmole/reaction. Delta Rn is the baseline subtracted PCR product fluorescence normalized to an
internal dye (ROX). (A) Amplification of 45 bp internal control region. (B) Amplification of full-length oligonucleotide (85 bp PCR product).

TT dimer, and OxodG2T templates were substantially
reduced.

Estimation of RTC efficiency for unmodified and modified
templates

We developed the RTC method to quantify differ-
ences in the amplification efficiencies of modified tem-
plates. We determined Cty and Cpy at six template
amounts (1 amole-100 fmole) for each oligonucleotide
and calculated the RTC efficiencies using Eq. (8) (Tables
2 and 3). The average RTC efficiencies of the Oxo CON-
TROL and Dimer CONTROL templates were 0.615
and 0.795, respectively. This observation that the RTC
efficiencies of the controls were less than 1.0 suggests
that the inherent efficiency of the ICR was higher than
that of the full-length template reaction.

While the RTC efficiency of the Oxo CONTROL and
OxodGl templates showed no statistically significant
difference (p = 0.05), the mean RTC efficiencies of the
OxodA1 and Abasic were 0.114 and 0.009 which repre-
sented decreases of 81.2% and 98.5%, respectively, when
compared to the Oxo CONTROL template (signifi-
cantly different at p <0.001 in both cases). The mean
RTC efficiency from the TT dimer template was
0.00692 which, when compared to the Dimer CON-
TROL template, represented a 99.1% decrease in RTC
efficiency (significantly different at p <0.001). These
observations, taken together, suggest that different le-
sions on input DNA template alter amplification to dif-
fering degrees.

The position of multiple 8-0xodG modifications rela-
tive to one another influenced the PCR. While the pres-
ence of two 8-o0xodG modifications separated by 13
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Table 2

RTC amplification efficiencies

Input template Mean Cry® Mean Cry® ACt u-m) RTC (E)° Mean RTC (E) SD cvd

Oxo CONTROL

100 fmole 3.78 4.20 —0.412 0.752 0.615 0.0936 0.152
10 fmole 6.84 7.33 —0.486 0.714

1 fmole 9.95 10.8 —0.858 0.552

100 amole 13.3 14.1 —0.842 0.558

10 amole 16.8 17.7 —0.916 0.530

1 amole 20.3 21.1 —-0.772 0.586

Oxo0dG1

100 fmole 3.34 3.49 —0.149 0.902 0.683 0.151 0.221
10 fmole 6.09 6.44 —0.348 0.786

1 fmole 9.57 10.1 —0.557 0.680

100 amole 12.7 13.7 —0.952 0.517

10 amole 16.2 17.1 —0.952 0.517

1 amole 19.8 20.3 —0.518 0.698

Ox0dG2A4

100 fmole 3.38 4.04 —0.666 0.630 0.581 0.0692 0.119
10 fmole 6.25 6.86 —0.604 0.658

1 fmole 9.51 10.6 —1.11 0.465

100 amole 13.2 13.9 —0.733 0.602

10 amole 16.9 17.8 —0.883 0.542

1 amole 20.2 21.0 —0.758 0.591

Ox0dG2T

100 fmole 3.53 8.89 —5.36 0.0240 0.0150 0.00504 0.336
10 fmole 6.32 12.3 —6.00 0.0156

1 fmole 9.74 15.9 —6.15 0.0140

100 amole 13.2 19.4 —6.15 0.0141

10 amole 16.6 22.9 —6.31 0.0126

1 amole 19.2 259 —6.74 0.00938

OxodAl

100 fmole 4.80 7.65 —2.85 0.139 0.114 0.0222 0.195
10 fmole 7.30 10.2 —2.87 0.137

1 fmole 10.5 13.6 —3.11 0.115

100 amole 13.8 16.9 -3.11 0.116

10 amole 17.2 20.7 —3.45 0.0914

1 amole 20.4 24.0 —3.55 0.0850

Abasic

100 fmole 4.37 10.4 —6.06 0.0150 0.00896 0.00312 0.348
10 fmole 6.90 13.6 —6.70 0.00957

1 fmole 10.0 17.1 -7.11 0.00726

100 amole 13.5 20.6 -17.11 0.00722

10 amole 16.8 239 —7.11 0.00720

1 amole 20.2 27.2 -7.07 0.00746

% Mean Cryy values were calculated by averaging five amplifications of the internal control region at a threshold (7)) of 1.0.
® Mean Cry; values were calculated by averaging five amplifications of the full-length oligonucleotide at a threshold (7) of 1.0.

¢ RTC efficiencies were derived using Eq. (8).

4 CV is the coefficient of variation calculated by dividing the standard deviation of the RTC by the mean RTC.

bases (OxodG2A) had no influence on RTC efficiency,
the mean RTC efficiency from reactions containing tem-
plates with two adjacent 8-oxodGs (OxodG2T) was
0.0150. This represented a 97% decrease in comparison
to the Oxo CONTROL (significantly different at
p =0.001). This suggested that the progression of Tag
polymerase was strongly impeded by the juxtaposition
of 8-0x0dG bases.

Discussion

The RTC method was designed to investigate the
effect of base modifications on template amplification
efficiency. In early real-time PCR cycles, replication
of the full-length modified oligonucleotide gave rise
to unmodified PCR products which were exponentially
amplified in subsequent cycles. Even though the
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Table 3

RTC amplification efficiencies®

Input template Mean Cry Mean Cry ACt (u-m) RTC (E) Mean RTC (E) SD CV
Dimer CONTROL

100 fmole 3.58 3.70 —0.124 0.918 0.795 0.0968 0.122
10 fmole 6.14 6.37 —0.228 0.854

1 fmole 9.69 9.92 —0.228 0.854

100 amole 12.8 13.2 —0.374 0.772

10 amole 16.1 16.7 —0.580 0.669

1 amole 19.3 19.8 —0.509 0.703

TT dimer

100 fmole 3.46 10.2 —6.71 0.00953 0.00692 0.00134 0.194
10 fmole 6.02 13.2 -7.15 0.00702

1 fmole 9.30 16.6 -7.33 0.00621

100 amole 12.6 19.8 -7.22 0.00669

10 amole 15.9 23.3 —7.35 0.00614

1 amole 19.1 26.5 —7.40 0.00592

% Cry, Crm, RTC, and CV were calculated as described in Table 2.

amplification curves of unmodified and some modified
templates had similar exponential phases, we observed
a rightward shift in the amplification curves of tem-
plates with single 8-oxodA, abasic site, TT dimer or
two tandem 8-oxodG modifications. This shift stem-
med from a prolonged lag phase that could be de-
scribed as a difference in Cr values and translated
into RTC efficiencies. Although a single 8-0xodG base
had no detectable effect on RTC efficiency, the pres-
ence of a single 8-oxodA, abasic site, and TT dimer
modifications dramatically reduced RTC efficiencies
by 81.2%, 97.6%, and 99.1%, respectively. Two tandem
8-0x0dG bases reduced RTC efficiency by 98.5%. For
a given template, we observed no correlation between
input template amount and RTC efficiency.

When present in synthetic templates, 8-oxodG, 8-oxo-
dA, and abasic sites are known to retard but not abso-
lutely block extension by the Klenow fragment of E.
coli DNA polymerase I [3,23-26] and Tag DNA polymer-
ase is able to slowly bypass cis—syn thymidine dimers [34].
These properties are consistent with our observation that
replication of some damaged templates is impeded, but
not absolutely blocked, during early rounds of the PCR.

The RTC method normalized the observed Ct value
for each full-length PCR to the ICR PCR Cr value in
calculating amplification efficiency. In deriving the
RTC formula, we assumed that the ICR amplification
efficiency was 100% because this region contained no
base modifications. We calculated RTC efficiencies for
unmodified templates based on simulated ICR efficien-
cies in the 80-100% range and found no significant effect
on RTC efficiencies (data not shown). More refined
mathematical models [18,21,35-40] may be needed to
detect subtle differences between the amplification effi-
ciencies of undamaged templates and templates contain-
ing modifications that have small effects on Tagq
polymerase progression.

In order to prepare an appropriate control template
for the TT dimer template, we made several thymidine
substitutions in the Oxo CONTROL sequence (Table
1). We note that the RTC efficiency from the Dimer
CONTROL template (0.795) was greater than that of
the Oxo CONTROL template (0.615; Tables 2 and 3).
This difference can be explained by a reduction in the
stability of secondary structure in the Dimer CON-
TROL template (data not shown) which resulted in im-
proved Taq progression and emphasizes the need for
matched controls in the RTC method.

The presence of the 8-0xo group causes pronounced
changes in base stacking interactions and the phospho-
deoxyribose backbone [41]. These alterations in
template secondary structure could impede 7ag DNA
polymerase advancement resulting in the observed
reduction in RTC efficiency. This finding, coupled with
our observation that two tandem 8-0xodGs (OxodG2T)
enhanced the reduction in RTC efficiency, suggests that
the position of 8-0xodG modifications on a DNA tem-
plate has a much greater influence in reducing template
amplification than does the number of §-oxodG modifi-
cations. The basis for QPCR methods of DNA damage
detection is that the PCR is blocked by the presence of
certain lesions in the DNA template which results in a
decrease in amplification product [8,13—15]. These meth-
ods assume that each lesion blocks polymerase advance-
ment to the same degree and that there are no positional
effects (i.e., that two separate lesions would have the
same effect as two tandem lesions). Since we found that
the type and position of base damage strongly influences
the RTC efficiency, some QPCR methods may underes-
timate or overestimate the amount of damage.

Current QPCR DNA damage assays rely on end-
point analysis and incorporation of radiolabeled nucle-
otides in order to quantify PCR product from damaged
or undamaged templates. Adaptation of real-time PCR
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technology to DNA damage detection methods would
allow for rate-based determination of the extent of
damage and obviate the need for radiolabeled nucleo-
tides. Our observation on the effect of base modifica-
tions on real-time amplification is an initial step in
this process. Most real-time PCR protocols require a
short target DNA, usually less than 150 bp to insure
high amplification efficiency. However, in order to
achieve detection of physiologically relevant levels of
damage and estimate the sensitivity of the detection
method, protocols for the real-time amplification of lar-
ger (1000-10,000 bp) targets and synthesis of long
experimental templates with defined amounts of dam-
age must be developed.
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