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ABSTRACT

We present a PCR method for identifica-
tion of single nucleotide polymorphisms
(SNPs), using allele-specific primers de-
signed for selective amplification of each
allele. Matching the SNP at the 3′ end of the
forward or reverse primer, and additionally
incorporating a 3′ mismatch to prevent am-
plification of the incorrect allele, results in
selectivity of the allele-specific primers.
DNA melting analysis with fluorescent
SYBR® Green affords detection of the PCR
products. By incorporating a GC-rich se-
quence into one of the two allele-specific
primers to increase the melting tempera-
ture, both alleles can be measured simulta-
neously at their respective melting tempera-
tures. Applying the DNA melting analysis to
SNPs in ApoE and ABCA1 yielded results
identical to those obtained with other geno-
typing methods. This provides a cost-effec-
tive, high-throughput method for amplifica-
tion and scoring of SNPs.

INTRODUCTION

Genetic differences between indi-
viduals are thought to confer suscepti-
bility to disease (1) and determine re-
sponse to therapy (2). As a result of the
human genome project, the need for
rapid inexpensive methods for DNA
genotyping is growing exponentially
(3,4). Here we describe a one-well
method for identification of single nu-
cleotide polymorphisms (SNPs), in-
cluding alleles differing by a single
base change.

A standard genotyping assay in-
volves PCR amplification followed by
restriction enzyme digestion. However,
restriction enzyme digestion requires
an informative site and a multistep pro-
cess, including PCR, digestion, electro-
phoresis, fragment staining, and image
capture. Multiple alternative techniques
have emerged, including differential
hybridization methods such as allele-
specific oligonucleotide hybridization
(5) and fluorescent probes (6); melting
temperature-based separation including
single-stranded conformational poly-
morphism (SSCP) (7), heteroduplex
analysis (8), and DHPLC (9); allele-
specific amplification (10); and DNA
sequencing (11) or primer extension
(12) to distinguish SNP alleles.

The above procedures rely on initial
PCR amplification with subsequent an-
alytical steps. Recently, PCR and de-
tection have been integrated into one
process. Rapid allele discrimination by
PCR using allele-specific TaqMan®

probes permits analysis of both alleles
simultaneously (13). The quenched
fluorescent tags of the probes are
cleaved during PCR amplification by

the 5′ exonuclease activity inherent to
the Taq DNA polymerase used. For op-
timal allele discrimination, the probes
are used with a two-dye reporter sys-
tem and a reference dye. The cost of
these probes can be considerable. As
with most systems, the cost per assay
declines as the volume increases, but
the start-up cost can be quite high, in
particular if numerous different SNPs
are to be measured.

Fluorescence melting curve analysis
using a standard dye (SYBR® Green)
(14) can provide single-tube amplifica-
tion and detection of polymorphic alle-
les, if the melting temperatures of the
two alleles are sufficiently different. An
alternative approach employs allele-
specific PCR (15), which can be used
with SYBR Green. The allele-specific
primer matches at its 3′ end either of the
two alleles. Introducing an additional
primer mismatch serves to enhance dis-
crimination between the two alleles
(16). The allele-specific reactions must
be performed in separate wells, with
nonspecific fluorescent labeling and de-
tection. However, this requires two re-
actions for each assay, doubling the
amount of reagent and DNA expended.
To avoid this, we introduce a 10- to 15-
bp GC clamp (17) onto the 5′ end of
one of the two allele-specific primers,
thereby introducing a difference in
melting temperature between the two
allelic PCR products. The resulting
melting curves are significantly differ-
ent. Following 30–40 cycles of PCR,
fluorescence melting curve analysis
(i.e., release of SYBR Green from dou-
ble-stranded products) permits com-
plete discrimination between the two
alleles in the same reaction well.
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We analyzed SNPs in the genes en-
coding apolipoprotein E (ApoE) and the
cholesterol efflux pump, ATP binding
cassette A1 (ABCA1), as part of an on-
going pharmacogenomic investigation
of coronary artery disease. ApoE is one
of many candidate genes implicated in
cardiovascular and neurological disor-
ders and in response to drug therapy
(18). ApoE plays a significant role in
cholesterol metabolism, including
transport and clearance of circulating
low-density lipoprotein (LDL) and very
low-density lipoprotein (VLDL) cho-
lesterol. There are three well-character-
ized variants of ApoE, ε2, ε3, and ε4,
which differ by their specific combina-
tion of nonsynonymous base changes at
two positions: codon 112, or codon 158
(ε2 has cysteine at both codon 112 and
158, ε3 has cysteine at 112 and arginine
at 158, and ε4 has arginine at both 112
and 158) (19). These amino acid
changes cause differences in the ApoE
lipid and receptor binding characteris-
tics. The ApoE ε3 allele is the most
prevalent genotype in the human popu-
lation today, having an allele frequency
of 60%–90%. ApoE ε4 is thought to be
the ancestral allele, with a relative fre-
quency of 5%–41% (20).

ABCA1 facilitates reverse choles-
terol transport (21). A nonsynonymous
G-to-A transition causes an amino acid
change from arginine (R) to lysine (K)
at codon 219. ABCA1 R219K is a rela-
tively common polymorphism, with an
incidence of 46% in the European pop-
ulation (22). The K variant has been re-
ported to be associated with increased
levels of high-density lipoprotein
(HDL) and reduced coronary artery
disease (23). Allelic variants of these
two genes are included with this study
to illustrate the performance of the as-
say over a range of GC content sur-
rounding the SNP.

MATERIALS AND METHODS

Instrumentation

An ABI 7000 instrument (Applied
Biosystems, Foster City, CA, USA)
was used for PCR amplification and
fluorescence melting curve analysis.
The PCR volume was 25 µL. PCR was
performed in standard 96-well plates,

sealed with optical adhesive covers.
After amplification, the fluorescence
intensity of the PCR product was mea-
sured from 60°C to 92°C at a tempera-
ture gradient of 0.2°C/min. The ABI
7000 automatically calculates the nega-
tive derivative of the change in fluores-
cence. When graphed, this yields a
peak at the Tm of the PCR product.

Allele-Specific PCR Amplification

For analysis of allelic variants, two
forward primers were designed, with
the 3′ base of each primer matching
only one of the biallelic SNP bases to
be evaluated. Incorporation of a primer
mismatch at the third base from the 3′
end of the primer has been shown to
enhance the specificity of the PCR by
further destabilizing the extension of
the doubly mismatched primer. To ad-
ditionally distinguish the allelic pri-
mers during amplification, different
mismatches in the third 3′ base of both
forward primers were employed (24).
A common reverse primer was de-
signed downstream of the polymorphic
site. Primers having a calculated Tm of
55°C–60°C (excluding GC clamp)
were selected.

SYBR Green Fluorescence Melting
Curve Analysis

Genomic DNA (15–40 ng) was am-
plified in each reaction, using a com-
mercially available SYBR Green mas-
ter mixture. The master mixture
contains a heat-activated Taq DNA
polymerase, dNTPs, buffer, and SYBR
Green, plus a reference dye. SYBR
Green intercalates into dsDNA and flu-
oresces at excitation/emission wave-
lengths of 488/560 nm. SYBR Green in
the PCR master mixture binds to the mi-
nor groove of dsDNA, producing up to
a 1000-fold increase in fluorescence. As
the temperature is raised through the
melting point, the DNA denatures and
becomes single stranded. This causes a
drop in SYBR Green fluorescence. The
maximum rate of fluorescence change
occurs at the Tm of the PCR product.

Primer Express version 2.0 (Applied
Biosystems) was used to design the PCR
primers. The Sequence Quickie-Calc
(Molecular Programming LLC; http://
www.molecularprogramming.com) com-

puter program was used to analyze prod-
uct Tms (Table 1). Products were de-
signed to be in the 50- to 150-bp range
as recommended for optimal SYBR
Green fluorescence melting curve analy-
sis. By calculation, 50–150 bp having a
50% GC content produce products with
Tms ranging from 65°C to 80°C. In
these products, a single base change of-
ten does not affect the Tm sufficiently to
resolve SNP alleles. To increase the dif-
ferences in the Tms between different al-
leles, a random GC segment was added
to the 5′ end of one of the specific for-
ward primers. The GC clamp was added
to the primer of the product with the
highest initial Tm to achieve a difference
of 4°C or more between the two alleles.
Although computer analysis gives an in-
dication of performance of the assay, it
is probably not absolutely required, as
the addition of any 10- to 15-bp GC
clamp is likely to sufficiently change the
Tm of products in this range.

Genotyping

Forward and reverse primers were
titrated over a range of 50–900 nM. Al-
lele-specific reactions were analyzed
with individual forward and reverse
primer sets. The minimum concentra-
tion of primer yielding consistent ampli-
fication and melting curves was deter-
mined. For single-tube genotyping,
forward primers for each allele, plus the
common reverse primer, were com-
bined. Amplification conditions consist-
ed of a 10-min preincubation at 95°C to
activate the Taq DNA polymerase, fol-
lowed by 40 cycles of denaturation at
95°C for 15 s and then primer annealing
and extension for 1 min at 60°C. The
fluorescence melting curve was ana-
lyzed immediately following amplifica-
tion. The GC clamp genotyping method
was evaluated using 100 control DNA
samples. Informed consent was ob-
tained in accordance with the policies of
the Institutional Review Board, OSU.

RESULTS

ApoE 112

The ApoE 112 locus is typically dif-
ficult to amplify. This DNA region has
a GC content of 70%–75%, causing
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high local Tms and increased secondary
structure. Table 1 shows primer pairs
and PCR product information. The pro-
jected Tm of the native 75-bp ApoE 112
Cys product is 85°C. Adding an 11-bp
GC clamp to the ApoE 112 Arg allele
raises the calculated Tm to 89°C. Both
ApoE 112 primer sets required 900 nM
for optimum amplification. This is the
highest primer concentration required
by any of our allele-specific assays. Af-
ter establishing individual primer re-
quirements, the primer sets were com-
bined, using a final concentration of
900 nM for all three primers. Melting
curves of the two allelic products were
the same whether used in separate reac-
tions or combined and were easily dis-
tinguishable (Figure 1). The Tm of the
ApoE 112 Cys product in 98 analyzable
samples was 87.59°C ± 0.34°C. The
Tm of the GC-clamped ApoE 112 Arg
product was 90.18°C ± 0.36°C, clearly
separating the two alleles. The ob-
served product Tms were quite consis-
tent, but higher than the predicted Tm.
This may be due to the effect of sec-
ondary structure or stabilization by
SYBR Green binding. These effects
cannot be calculated by either of the
two programs used to estimate the Tms.

Genotype results were confirmed
for all 100 samples using specific ApoE
112 Cys/Arg TaqMan MGB allele
discrimination probes (forward primer,
5′-CTGTCCAAGGAGCTGCAGG-3′;
reverse primer, 5′-TCGCCGCGGTA-
CTGCA-3′; Cys probe, 5′-AGGACG-
TGtGCGGC-3′; Arg probe, 5′-TGGA-
GGACGTGCGC-3′). Of 100 samples,
two failed to amplify under either con-

dition. The TaqMan assay required rep-
etition of two samples, the GC clamp
allele-specific assay required repeats of
two different samples to obtain unam-
biguous results. The final result was a
98% success rate for both assays, with
100% agreement of genotyping calls.
In this sample population, the ApoE
112 Cys frequency was 85%. The ApoE
112 Arg frequency was 15%.

ABCA1 R219K

The ABCA1 R219K product has a

GC content of 52%, with a projected Tm
of 76°C. A 15-bp GC clamp was added
to the normal (R219) allele, giving a
projected Tm of 81°C. Each ABCA1
R219K allele-specific primer set ampli-
fied consistently well at forward and re-
verse primer concentrations of 400 nM.
When the three primers were combined,
a 400-nM R219 forward and reverse
primer concentration and 300-nM 219K
forward primer concentration provided
equivalent amplification of alleles in
heterozygous samples. In 98 amplifi-
able samples, the Tm of the R219 allele
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Table 1. Primer Sequences, PCR Product Length, GC Content, and Tms

Allele Forward Primer Reverse Primer Product % Product Tm
(5′′→→3′′) (5′′→→3′′) Length (bp) GC (predicted) (°C)

ApoE 112 GCGGACATGGAGGACGaGT GGTGCTCTGGCCGAGCAT 75 72 85
Cys

ApoE 112 CGCGGCCGGCCGCGGACAT GGTGCTCTGGCCGAGCAT 86 89
Arg GGAGGACGcGC

ABCA1 CTGAGCTTTGTGGCCTACCtAA GGATGTCCATGTTGGAACGAA 72 52 76
219K

ABCA1 CGCGCCGGCCGCGGGAGCT GGATGTCCATGTTGGAACGAA 84 81
R219 TTGTGGCCTACCcAG

The polymorphic base is in bold, the 3′ mismatch is in lowercase, and the GC clamp is underlined.

Figure 1. ApoE 112 Tm curves. Cys homozygote peak is at 87°C, Arg homozygote peak is at 90°C, and
heterozygote includes both peaks. No template control is at bottom.
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was 84.83°C ± 0.23°C. The Tm of the
219K allele was 79.38°C ± 0.30°C. The
same two samples failed to amplify, as
in the ApoE assay above. The frequen-
cies of the Arg and Lys alleles were
75% and 25%, respectively. Figure 2
shows fluorescence melting curves of a
96-well plate.

For validation of the melting assay
of R219K, nine samples were selected:
three samples homozygous for R219,
three samples homozygous for 219K,
and three heterozygous samples, as
identified by melting curve analysis.
The ABCA1 K variant creates an
EcoNI restriction enzyme site. The se-
lected samples were amplified with a
forward primer located 116 bases 5′ of
the polymorphism (5′-CTTCCAGG-
TATTTTTGCAAGGC-3′). The EcoNI
digestion results were in complete
agreement with the predicted geno-
types (data not shown).

DISCUSSION

The majority of genotyping methods
such as restriction enzyme digestion,
hybridizations, physical separations,
and sequencing rely on PCR amplifica-
tion, followed by additional identifica-

tion and resolution steps. Techniques
combining amplification and detection
have been developed but require either
expensive probes or individual reac-
tions for each allele. The goal of this
project was to combine several tech-
niques for analyzing both alleles in the
same reaction and, in real time, using
SYBR Green with no need for addi-
tional steps. In the method presented
here, two key components are used
enhance PCR genotyping. First, allele-
specific amplification with the addi-
tional 3′ mismatch enhances discrimi-
nation between the two alleles. The
difference in hybridization temperature
of a primer with two mismatches is
probably insufficient to differentially
amplify two alleles. In this assay, speci-
ficity is provided by the inefficient ex-
tension of the Taq DNA polymerase
from a primer having an unmatched 3′
end. The allele-specific primers can be
designed either in their forward or re-
verse direction; however, the primer
orientation should be the same (for-
ward or reverse) if both reactions are
performed in the same tube. Second,
the addition of the GC clamp makes
this method universally applicable—
the Tm of one allele can be adjusted as
necessary to give distinct separation of

Figure 2. ABCA1 R219K analysis in a 96-well plate. Melting curves for 88 samples and controls.
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melting curves. Tm analysis has been
extensively used for many mutation de-
tection techniques. Nevertheless, using
conventional PCR amplification, a sin-
gle base change may not give a readily
discernible difference in Tm, without
using additional specialized equipment.
The GC clamp works well for samples
over a range of GC content and melting
temperatures. Addition of the GC-rich
sequence to the 5′ end of the primer
does not interfere with its annealing to
the original sequence. The examples
presented have a 20% difference in GC
content of native sequence. Exploiting
both allele-specific PCR and GC
clamp/differential melting analysis
generates a robust SNP genotyping
method broadly applicable to current
instrumentation.

The GC clamp allele-specific assay
is reliable, inexpensive, and simple to
perform. Addition of a GC clamp to an
allele-specific PCR primer ensures a
readily measurable difference in the Tm
of two alleles amplified in the same re-
action. Primers are standard DNA
oligonucleotides, and there is no need
for additional fluorescent probes other
than the generic SYBR Green fluores-
cent dye. All reactions and measure-
ments take place in a single closed
tube, eliminating manipulation of PCR
product and removing the risk of post-
PCR contamination. PCR product is
detected by SYBR Green fluorescence
in vitro, using an integrated fluorome-
ter-thermal cycler such as the Applied
Biosystems 7000 Series or any other
instrument. Results are obtained imme-
diately after PCR, without the need for
electrophoresis or restriction enzyme
digestion. Depending on the instru-
ment, the PCR and fluorescence melt-
ing point analysis can be performed in
capillaries, tubes, and 96- or 384-well
plates. The process uses endpoint
analysis of PCR product so that real-
time monitoring of PCR progression or
cycle threshold is not necessary. Per-
forming PCR in separate thermal cy-
clers and then evaluating the fluores-
cence melting curve of the product in a
dedicated instrument could further in-
crease throughput. This method should
be particularly useful for the medium-
to high-volume laboratory desiring a
cost-effective technique for rapid DNA
polymorphism analysis.
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