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This study describes a quantitative real-time PCR-
based approach for discrimination of single nu-
cleotide sequence variants, called CAPS ~4' i!lkylat-
ed grimer ~ystem). To increase the discrimination 
potential of DNA polymerases against competing se-
quence variants of single nucleotides, 3'-terminally 
modified primers were designed carrying a methyl 
residue bound to the C4' of the thymidylate deoxyri-
bose. In a model sequence system positional depend-
encies of modified thymidylate (at -1, - 2, -3) were 
tested for their influence on discrimination. Highest 
discrimination factors were obtained with the modifi-
cation at the ultimate 3' -position. In a comparison be-
tween Taq and Pwo DNA polymerases, substantial 
better results were obtained by Taq DNA polymerase. 
In contrast to conventional PCR methods for discrim-
ination of sequence variants, achieving a maximum 
discrimination potential of about 20, CAPS is capable 
of obtaining sequence-specific amplifications of a de-
sired target among discriminated templates with a dy-
namic range of 1:100. Therefore, CAPS is a method 
able to quantitatively discriminate two sequence vari-
ants only differing in a single base (e.g., SNP alleles or 
point mutations). The range of applications of this 
easy to perform, fast and reliable technique reaches 
from medical diagnostics, transplantation medicine, 
molecular and cell biology to human genetics. Target-
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ing of SNPs assures a universal exertion of this 
method, since these markers are gender-independ-
ent, highly abundant and ubiquitous. 
Key words: Discrimination / Modification / Real-time 
PCR/Sequence variants. 

Introduction 

Today there is an increasing demand for quantitative 
methods that are able to sensitively discriminate different 
DNA sequence variants presented together in a mixed 
(i.e. , chimeric) sample and which should feature a very 
high dynamic range, meaning that a single copy of a cer-
tain sequence B should be detectable among as many 
copies as possible deriving from a different sequence A. 
These methods, thereafter described by the term 
'chimerism analysis', are required for answering ques-
tions raised in molecular and cell biology, human genet-
ics, oncology, haematology, transplantation medicine 
and population biology. 

Established PCR-based methods used for chimerism 
analysis (e.g., Zhang et al., 1999; Formankova et al., 
2000; Jone et al., 2000; Zetterquist et al., 2000; Fehse 
et al., 2001; Sasanakul et al., 2001) are able to reach dy-
namic ranges of about 1 :20, i.e. , one copy of variant B 
can be quantified among 20 copies of variant A. Recent-
ly, the combination of real-time PCR techniques with the 
amplification refractory mutation system, called ARMS 
(Newton et al., 1989; Wu et al., 1989), was described for 
chimerism analysis (Whitcombe et al., 1998). This combi-
nation has permitted a much more reliable interpretation 
of experimental results because of the possibility of real-
time measurement of PCR-product accumulation. The 
concept of ARMS is to benefit from the loss of PCR-am-
plification in the presence of a primer-template mis-
match. Using real-time PCR with ARMS for the analysis 
of a specific polymorphism, defined by the presence/ab-
sence of short insertion/deletion sequences, it was pos-
sible to achieve a dynamic range of 1 :3000 (Wilhelm 
et al., 2002). Unfortunately, this kind of polymorphisms is 
infrequent in mammalian genomes. 

On the genomic level, single nucleotide polymorph isms 
(SNPs) represent the most simple form of possible DNAse-
quence differences between two individuals. SNP features 
are: (i) high genomic density: one SNP per 1 000 bp (Sachi-
danandam et al., 2001; Venter et al., 2001), (ii) no stringent 
correlation with diseases in the overwhelming majority of 
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cases, (iii) gender-independence, (iv) lack of preferential al-
lele amplification or allelic drop-out effects and (v) the num-
ber of known SNPs continuously increases (currently more 
than 1.4 million SNPs are known; Sachidanandam et al., 
2001). Therefore, allelic SNP variants should serve as suit-
able targets for ARMS in real-time PCR. 

Recently, we reported that the specificity of a DNA 
polymerase is significantly increased with primers con-
taining thymidine having its 4'-hydrogen substituted by 
small alkyl groups. They are ideally suited since potential 
effects on hydrogen-bonding patterns and conforma-
tions of the nucleotides are minimized (Summerer and 
Marx, 2001, 2002). These findings were carried forward 
to the development of a PCR system with increased sen-
sitivity (Strerath and Marx, 2002). Based on these investi-
gations, we have now developed a real-time PCR model 

system for ARMS using primers carrying such a modified 
base in different positions. We used this model to sys-
tematically elucidate which positions and mismatch 
combinations lead to the best discrimination results be-
tween two mixed sequence variants only differing in a 
single base. We were able to quantitatively discriminate 
sequences differing only in a single base with a dynamic 
range of at least two orders of magnitude. 

Results 

Construction and Synthesis of Model Targets 

To systematically analyze the properties of CAPS, model 
template DNAs containing defined SNPs within identical 

Table 1 Sequences of the Artificial Target Constructs Used in the Real-Time PCR 
Experiments. 

S - -GTGGTGCGAA ATTTCTGACA GACEI~EI~C:l\C;l\C:C;C:l\C:l\C:l\C:l\1\C:'I'C;'I'C;'I''I'C: 
ACTAGCAACC TCAAACAGAC ACCATGGTGC ACCTGACTCC TGAGGAGAAG 
TCTGCCGTTA CTGCCCTGTG GGGCAAGGTG AACGTGGATG AAGTTG- 3 -

Template El ~ El 11 Length (bp) 

1.1 A T G A 146 
1.2 A c G A 146 
1.3 A T A A 146 
1.4 A G A A 146 
1.5 A G G A 146 
1.6 A C G C 146 
1.7 A T A C 146 
1.8 C T G A 146 
1.9 C T A A 146 
1.10 A A G A 146 

In the different target constructs 1.2 to 1.10, positions El to 11 are varying compared to 
the reference template 1.1. Exemplarily, the primer binding site of the series 27X (see 
Table 2) is shown by underlined nucleotides, whi le the binding site of the primer 
PC04 is indicated by a dashed line. Primers of the series 26X (alternatively 25X) miss 
one (two) nucleotides at the 3·-terminus (see Table 2). The dotted line indicates the 
binding site (PC03 sequence) of the template generating primers (PC03 -1.1 to 
PC03-1.10) on human genomic DNA. These template-generating primer variants 
contain the solid plus dotted underlined sequence (56 nt). 

Table 2 Sequences of the Discriminating Primers Used for the Amplification of the 
Target Constructs. 

Name Sequence 5·-3· Length (bp) 

251 S --GTG GTG CGA AAT TTC TGA CAG ACA T-3 - 25 
252 S - -GTG GTG CGA AAT TTC TGA CAG ACA T* - 3 - 25 
253 S --GTG GTG CGA AAT TTC TGA CAG ACA T**-3 - 25 
261 S -- GTG GTG CGA AAT TTC TGA CAG ACA TG- 3 - 26 
262 S --GTG GTG CGA AAT TTC TGA CAG ACA T*G- 3- 26 
263 S --GTG GTG CGA AAT TTC TGA CAG ACA T**G- 3 - 26 
271 S - -GTG GTG CGA AAT TTC TGA CAG ACA TGA- 3 - 27 
272 S --GTG GTG CGA AAT TTC TGA CAG ACA T*GA-3 - 27 
273 S -- GTG GTG CGA AAT TTC TGA CAG ACA T**GA-3 - 27 

Thymidine residues carrying a methyl group at C4· of deoxyribose are labelled by 
one asterisk, those carrying an ethyl group by two. 



sequence context had to be generated. In total, ten dif-
ferent template DNAs (1.1-1.10, see Table 1) were gener-
ated by conventional PCR, using human genomic DNA 
as template. The primer sequences (see Tables 1 and 2) 

Initial PCR Cycle 

Template primer 

~~fJl~PC~ 
I""'-........ ----!IIIIIIII 

HBB gene 

~
' 

, PC 4 I 
: . , 

Fig. 1 Generation of the Artificial Targets. 
The scheme shows the upstream primer (template primer), 
which binds with the sequence of PC03 to the human gene HBB. 
This primer exists in 10 variants (PC03-1.1-1 .10, see Table 1). 
The protruding artificial sequence (striped bar) contains the 
polymorphic bases (11, 8, El and m; see Table 1). The downstream 
primer is always PC04. 
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were based on the primers PC03/PC04 (Wittwer et al., 
1989), which amplify a part of the human j3-globin gene 
(Figure 1). The different variants of the polymorphic site 
were attached 5' to the forward primer PC03 (see 
Table 1). As a result, the variants of the 146 bp long mod-
el template DNA can be amplified with one of the ten non-
discriminating template generating primers (PC03-1.1 
to PC03-1.10) and the reverse primer PC04 (Figure 1). 
The sequences of the different artificial target constructs 
are shown in Table 1. All ten targets were pure as indicat-
ed by their UV absorbance spectra, the presence of only 
one single band on a 15% polyacrylamide gel as well as 
a clear single peak in the melting curve analysis (data not 
shown). 

Discrimination of Different 3' Terminal Primer/Target 
Mismatches 

To get a c lue of the potential of SNP discrimination in 
real -t ime PCR due to the modified primer thymidine, sev-
eral primer/template mismatch situations (see Tables 2 
and 3) were tested. In a first series of experiments, both, 

Table 3 Tested Primerrremplate Situations. 

A 
25X 5'-GTG GTG CGA AAT TTC TGA CAG AC AT -3' 
26X 5' -GTG GTG CGA AAT TTC TGA CAG AC A TG - 3' 
27X 5'-GTG GTG CGA AAT TTC TGA CAG AC A TGA - 3' 

11 FJEl m 
1.1 3'-CAC CAC GCT TTA AAG ACT GTC TG TACT GTC TGC GTG TGT ... -5' 
1.2 3' - CAC CAC GCT TTA AAG ACT GTC TG T GCT GTC TGC GTG TGT ... - 5' 
1.3 3'-CAC CAC GCT TTA AAG ACT GTC TG T ATT GTC TGC GTG TGT ... -5 ' 
1.4 3'-CAC CAC GCT TTA AAG ACT GTC TG T CTT GTC TGC GTG TGT ... -5' 
1.5 3'-CAC CAC GCT TTA AAG ACT GTC TG T CCT GTC TGC GTG TGT . .. -5' 
1.6 3' -CAC CAC GCT TTA AAG ACT GTC TG T GCG GTC TGC GTG TGT .. . - 5' 
1.7 3'-CAC CAC GCT TTA AAG ACT GTC TG T ATG GTC TGC GTG TGT . . . -5' 
1.8 3' -CAC CAC GCT TTA AAG ACT GTC TG G ACT GTC TGC GTG TGT ... - 5' 
1.9 3'-CAC CAC GCT TTA AAG ACT GTC TG GATT GTC TGC GTG TGT . . . -5' 
1.10 3'-CAC CAC GCT TTA AAG ACT GTC TG T TCT GTC TGC GTG TGT ... -5' 

B 
25X 26X 27X 
11 8 El m 

1.1 M M M M 
1.2 M 0 M M 
1.3 M M 0 M 
1.4 M 0 0 M 
1.5 M 0 M M 
1.6 M 0 M 0 
1.7 M M 0 0 
1.8 0 M M M 
1.9 0 M 0 M 
1.10 M 0 M M 

Part (A): The upper block shows the primer sequences (25X, 26X, 27X; plus strand), the lower 
block the minus strand of corresponding templates (1.1-1.10). Part (8): Schematic presentation 
of matching (M) and mismatching (0 ) base pairs. 
In the primer names, the abbreviation 'X' stands for 1,2 or 3 (e.g., 251 unmodified primer, 252 
C4'-methylated T, 253 C4'-ethylated T); T represents the unmodified, methylated or ethylated 
thymidine, respectively. The box displays the relevant varying sequence positions, indicated by 
11, 8, El or m, as shown in Figure 1 and Table 1. 
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Fig. 2 Comparison of the Discrimination Potential for Match 
and All Three Possible Mismatch Combinations of the Unmodi-
fied Primer 251 versus the Modified Primer 252. 
(A) Fluorescence signal curves (channel 1, RFU: relative fluores-
cence units) of real-time PCR experiments using the unmodified 
primer 251. (8) The same experiments as shown in (A), but using 
the 3'-terminally modified primer 252 (T*: methylation at C4' of 
deoxyribose of thymidylate) instead of 251 . The insets show the 
structural formula of either the unmodified (A) or modified (8) 
thymidylate. The 3'-terminal primer/template base situation is 
also shown. All reactions were performed under standard condi-
tions. 

the terminally unmodified and modified primers 251 and 
252 were used to amplify four different targets (1 .1, 1.2, 
1.5, and 1.10). All targets had the same sequence except 
at position 2. The amplification curves are shown in Fig-
ure 2. All four targets could be well amplified with the un-
modified primer 251: the amplification curves have CT 

values (the CT value is the cycle at which the amplification 
curve of a reaction reaches a fluorescence intensity 
above background) between 1 Q and 15 (Figure 2A). 
These results were confirmed in 1 Q repetitions. The am-
plification with the methyl C4' modified primer 252 yield-
ed an amplification curve with a CT value of 12 for the 
matching target DNA (Figure 28), also verified by 1 Q-fold 

o 

-to-- 252; 1.1 (10' copies) 
252; 1.1 (10copies) 

-+- 252; 1.2 (10' copies) 

10 20 30 40 

Cycle 

50 60 70 

Fig.3 Fluorescence Signal Curves of Real-Time PCR Experi-
ments with Low Template Concentrations. 
The modified primer 252 was used either with matching target 
1.1 or mismatching target 1.2. The reaction was performed un-
der standard conditions except for the use of low copy numbers 
of template. The signal is measured in channel 1 (RFU: relative 
fluorescence units). 
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Fig. 4 Discrimination Potential of Taq DNA Polymerase versus 
Pwo DNA Polymerase. 
Comparison of the mismatch discrimination potential of Taq 
(white bars) and Pwo DNA polymerase (dark bars) using different 
primer series and mismatch target 1.2. Numbers above the 
columns indicate the efficiencies (c) of the amplification reac-
tions. The relevant sequences of the different primer/template 
pairs, containing the modified thymidylate residue (bold italics), 
are shown. Reactions were performed under standard condi-
tions. Primer series 27X shows no detectable amplification with 
Pwo DNA polymerase. The data are the average of triplicate ex-
periments. 



repetition. The amplification curves of the other targets 
have CT values of more than 25. The increasing order of 
CT values is TIG < TIC < TIT (primer:template). Non-com-
petitive experiments revealed discrimination factors (for 
definition of terms, see Materials and Methods) of 0 = 
8000 (TIT mismatch), 0 = 7000 (TIC mismatch), 0 = 800 
(TIG mismatch) (data not shown). These results could be 
confirmed even when using low template copy numbers 
(104 and 10 copies) which is exemplarily shown for primer 
252 with the templates 1.1 and 1.2 in Figure 3. 

In case of amplification reactions with modified 
primers carrying an ethyl residue at C4' of the deoxyri-
bose of the terminal thymidylate (2X3, i.e., 253, 263 or 
273, respectively), discriminations could not be evaluat-
ed due to very low amplification efficiencies throughout, 
no matter which template was used (data not shown). 

Similar experiments with additional mismatch situa-
tions (C4'-methylated primers 2X2 with templates 1.3, 
1.4,1.6, 1.7, 1.8 and 1.9) resulted in far worse discrimina-
tion potentials (data not shown) compared to those of the 
5'-terminally methylated primer 252 with templates 1.2, 
1.5 and 1.10 (i.e. , 5'-terminal single mismatch situation, 
see Table 3). 

Comparison of the Discrimination Potential of Taq 
and Pwo DNA Polymerase 

To elucidate whether the discrimination can be further im-

A 
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Fig. 5 Titration Experiments. 
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proved using a thermostable DNA polymerase with 
3' -+5' proofreading activity, a quantitative discrimination 
analysis was carried out. Amplification reactions were 
performed using Taq and Pwo DNA polymerase, the 
primers 25X (i.e., 251, 252 or 253, resp.), 26X, and 27X, 
and the template 1.2 as mismatch target. Here, in all cas-
es the mismatch situation is TIG , which has been shown 
to be the least discriminated mismatch in this assay (see 
Figure 2). The calculated discrimination factors and cor-
responding amplification efficiencies for all combinations 
are shown in Figure 4. When using primer 25X (3'-termi-
nal mismatch), the discrimination by Taq DNA poly-
merase was 4- to 100-fold higher than by Pwo. Using 
primers 26X (penultimate mismatch) and Pwo, it was vice 
versa with a 3- to 40-fold higher discrimination, but very 
poor amplification efficiencies were observed. The ob-
served amplification efficiencies of Taq DNA polymerase 
were always higher (1.60 -1 .84) than those of Pwo 
(1 .22 -1.41). The Pwo DNA polymerase could not even 
amplify the template 1.1 with the primers 27X (pre-penul-
timate mismatch situation) under our assay conditions. 
Due to these poor amplification efficiencies, Pwo DNA 
polymerase is not suited for quantitative assays. 

Titration Experiments 

The limit for the quantitative analysis of a low abundant 
sequence variant in the DNA sample can be estimated 

Cl) 
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26 

22 

~ 18 . .... 
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TIG 

y = - 4.3x + 44.1 
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CT-values (as defined in Materials and Methods) for different concentrations of perfect matching template (1.1) in a background of a 
constant amount of mismatching template (107 copies of 1.2, 1.5 or 1.10). Primer pair 2521PC04 was used for all amplification reactions 
under standard conditions. Panel (A) shows the perfect matching situation (T/A) in absence of mismatching templates. Panel (8) shows 
the TIG mismatch situation (background 1.2). Panel (C) presents the TIC mismatch situation (background 1.5) and panel (D) the TIT mis-
match situation (background 1.1 O). Values are the average of triplicate experiments. 
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from titration series. In these titration experiments, low 
amounts of matching target ('amplified DNA') are mixed 
and, thereafter, amplified in competition to a high amount 
of mismatch target ('background DNA'). The obtained Cr 
values for the amplification curves of a titration series 
should show a linear correlation to the logarithm of the 
matching target concentration. This linear correlation will 
be lost for concentrations of amplified DNA below the 
discrimination limit. 

The discrimination limits were determined for all possi-
ble 3'-terminal mismatches (C4·-methylated primer 252 
and targets 1.2, 1.5, and 1.10 as background DNA, see 
Table 3) in triplicates using Taq DNA polymerase (Fig-
ure 5). As a control , the titration experiment was carried 
out using only the amplified DNA (matching target 1.1) in 
different concentrations (Figure 5 A). A linear correlation 
between Cr values and log copy numbers was observed 
in all cases. The range of linearity of the Cr values versus 
log matching template concentration was 1.5 orders of 
magnitude in case of the background DNA 1.2 leading to 
the weak discriminated T/G-mismatch. The amplified 
DNA could be quantified in the presence of a more than 
30-fold excess of background DNA. In case of other 
background DNAs (1.5 and 1.10), the linearity was at 
least two orders of magnitude. Initial concentrations of 
the amplified DNA higher than 107 copies resulted in am-
plification curves with Cr values below 10. Due to the lim-
ited amount of data points in the (pre-)exponential phase, 
these curves were not used for a quantitative analysis. 

Melting Curve Analysis 

In real-time PCR experiments using SYBR-Green I as ds-
DNA-specific dye, the obtained PCR products can be 
characterized by a melting curve analysis. Products of 
the same length but different sequences can be well dis-
tinguished by melting curve analysis. Examples of melt-
ing curves are shown in Figure 6. The correct 146 bp 
product of the matching target 1.1 amplified with any for-
ward primer 2X2 (and PC04 as reverse primer) melts at 
88.3°C. All amplifications of mismatch target DNAs with 
2X21PC04 produce a final PCR product of the same 
length and melting behavior (see melting peak at 88.3 °C 
for template 1.10 in Figure 6) . Only the amplification of 
template 1.10, i.e. , the case of the best discriminated 
mismatch TIT, produces minor amounts of a shorter un-
specific product melting at 84.9 °C (Figure 6). 

Discussion 

Comparison of Established Methods and CAPS 

Sensitive quantitative methods for discrimination of two 
different DNA sequence variants are indispensable tools 
for many questions raised in biological research and 
medical diagnostics. At the present time, methods used 
for chimerism analysis are usually based on the analysis 
of DNA via PCR. Therefore, polymorphic markers differ-

2 --
~ 

1.5 

I-
"C 

11.. 
"C 

0.5 

o 
75 80 85 90 95 

Temperature re] 
Fig. 6 Melting Curves. 
The melting temperature Tm is the temperature at which 50% of 
the strands of a double-stranded PCR product are dissociated. 
It can be derived from a diagram in which -dF/dT (i.e., negative 
change of fluorescence with respect to temperature) is plottet 
versus the temperature T, in which the characteristical melting 
process of a product is shown as a distinct peak with its maxi-
mum indicating the Tm value. Here, the melting curves of PCR 
products 252/1.1 and 252/1.10 (strongest mismatch discrimina-
tion; TIT mismatch) are shown. Amplification was carried out un-
der standard conditions using 107 copies of initial target. All 
PCR-products show the same melting temperature at 88.3 °C. 
This indicates the presence of identical PCR products, which 
was additionally verified by polyacrylamide gel electrophoresis 
(data not shown). Only in case of combination 252/1.10 small 
amounts of primer-dimers (T m = 84.9 0c) were detected. Control: 
identical reaction mixture in the absence of template molecules. 

ing in size, prevalently STRs, serve as targets (Nollet 
et al., 2001; Thiede et al., 2001). Nevertheless, two main 
problems could not be solved so far. Firstly, the methods 
are not sensitive enough. Conventional allele-specific 
PCR-methods targeting SNPs can only achieve a maxi-
mal discrimination factor of about 20 (Kleeberger et al., 
2000; Nollet et al., 2001), which is due to the appearance 
of slippage products (Mital et al., 1999) and allelic-drop-
out effects. Secondly, methods offering a high discrimi-
nation potential , such as real-time quantitative Y chromo-
some-specific PCR (OYCS-PCR; Zhang et al. , 1999; 
Fehse et al., 2001), only have a limited range of applica-
tion (e.g. , male-in-female sex mismatched chimerisms). 
CAPS, our newly developed method, is able to discrimi-
nate between closely related sequences without any lim-
itation concerning application: one copy of allele B can 
be quantified among 100 copies of allele A. 

Unmodified versus Modified Primers 

By introduction of C4'-alkyl substituents in thymidines at 
the appropriate positions steric strain at the 3'-end of the 
primer is increased. Thus, we speculate that the flexibili-



ty at the 3' -primer end is decreased through these modi-
fications, resulting in less DNA polymerase propensity for 
extension of geometrically altered mismatched primer 
template complexes (Summerer and Marx, 2001; Kool, 
2002). While this might hold true for the C4' -methyl mod-
ifications, C4' -ethyl modifications cause exceeding inter-
ference, rendering the primer incompetent for efficient 
extension. 

Comparing the amplification reactions of the perfect 
matching template with unmodified and modified 
(methylated) primers, primer extension occurs in both 
cases. DNA polymerases synthesize products on every 
given template in the presence of an unmodified primer, 
no matter which primer-template mismatch situation is 
given. In case of a methylated primer, the accumulation 

. of product from the non-matching template is negligible. 
Significant amounts of product are only generated on 
perfect matching template, which implies that the DNA 
polymerase discriminates between different templates, 
depending on the presence of a mismatch (Figure 2). The 
usage of C4'-ethylated primers leads to insufficient am-
plification results due to very low PCR amplification effi-
ciencies. 

Discrimination Potential: Dependence on Mismatch-
Position and Type of DNA Polymerase 

As discussed above, the best discrimination occurs 
when using a 3'-terminal C4'-methylated primer. Further-
more, the position of the modified nucleotide has an es-
sential influence on the discrimination-potential of DNA-
polymerases lacking 3'-'5' proof-reading activity (Taq 
DNA polymerase) or not (Pwo DNA polymerase). Obvi-
ously, mismatches of the terminal primer-nucleotide have 
the most powerful effect on discrimination while using 
Taq DNA polymerase. If the terminal mismatch is TfT, the 
best discrimination values for Taq DNA polymerase (0 = 
8000) can be obtained, followed by 0 = 7000 for a termi-
nal TIC mismatch. TIG can be considered as the mis-
match with the lowest discrimination potential (0 = 800). 
For this 3'-terminal modified primer (i.e. , 251 and 252; 
see left third of Figure 4), Pwo DNA polymerase does not 
lead to better results in discrimination, but rather shows 
weaker discrimination potentials and throughout poorer 
amplification efficiencies than Taq DNA polymerase in 
combination with terminal mismatch variants. 

Titration Experiments 

Titration experiments were performed simulating condi-
tions where CAPS could be applied. The results indicate 
that even with the mismatch combination having shown 
the weakest discrimination potential in former non-titra-
tion experiments (T/G; see Figure 2), the assay was ca-
pable to quantify the desired template in the presence of 
more than 30 times more background DNA. Taq DNA 
polymerase is able to discriminate between strong mis-
match combinations (TfT, TIC) in titration experiments of 
at least 2 orders of magnitude. Remarkably, we found no 
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further FRET-based real-time PCR methods for quantita-
tive SNP-based chimerism analysis in the literature; we 
only found one publication (Solinas et al., 2001) for clas-
sical allelotyping with a discrimination potential of ap-
proximately five. 

Conclusions 

We have developed CAPS, a system for detection and 
quantification of SNPs by allele-specific real-time PCR. 
Comparing CAPS with data from literature of other set-
ups, it provides the highest dynamic range for quantita-
tive analysis of a target allele in the presence of excess 
amount of non-target alleles. Furthermore, the applica-
tion is not restricted by the lack of appropriate markers 
due to desiderative appearance, because SNPs occur 
with the highest genomic density of all known markers 
(Sachidanandam et al., 2001 ; Venter et al., 2001). A set of 
only 10 biallelic markers with allele frequencies of 0.5 
would guarantee to have at least one informative marker 
in 99% of the cases or individuals tested (Wilhelm et al., 
2002). In addition, these markers are gender-independ-
ent. Especially if a rapid-cycle real-time PCR machine 
like the LightCycler is used for analysis, results can be 
obtained in a very short time. 

We believe that CAPS is a method that can be used as 
a routine diagnostic tool for monitoring of bone-marrow 
and solid organ transplantations (Lagaaij et al., 2001). 
Furthermore, questions raised in human genetics or mo-
lecular and cell biology can also be easily answered with 
CAPS. 

Materials and Methods 

If not further specified, all conventional methods were done fol-
lowing the instructions of Current Protocols in Molecular Biology 
(Ausubel et al. , 2002) and Molecular Cloning (Sambrook et al., 
2001). 

Template DNA Preparation 

Human genomic RNA-free DNA was isolated from Iymphocytes 
of fresh EDTA-treated blood using the QIAamp DNA Blood 
reagent set (Qiagen, Hilden, Germany). PCR products were pu-
rified with the QIAquick PCR Purification reagent set (Qiagen). 
DNA quality and concentration were determined by recording ul-
traviolet absorbance spectra between 220 and 320 nm using a 
Hitachi U-3000 Spectrophotometer (Hitachi, London, UK) and 
the relation 1 A260=50 ~g/ml dsDNA. 

peR 

All non-modified primers were obtained from Applied Biosys-
tems, Weiterstadt, Germany. Modified primers (Table 2) were 
synthesized as described (Summerer and Marx, 2001 , 2002). All 
oligonucleotide sequences were checked with the program Oli-
go 5.0 (National Biosciences Inc., Plymouth , USA) for absence 
of false priming sites, formation of primer dimers and secondary 
structures. 

Standard PCR for generating the target DNA variants (Figure 1 
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and Table 1) was carried out in a GeneAmp 2400 PCR System 
(Applied Biosystems) using a 30 ~I volume of the reaction mix-
ture containing 0.5 g/I BSA (Roche Diagnostics, Mannheim, Ger-
many), 3.0 mM MgCI2, 0.5 ~M each primer, 0.2 mM each of dATP, 
dCTP, dGTP and dTTP (Promega, Mannheim, Germany), 0.5 U 
Taq DNA-polymerase (Eppendorf, Hamburg, Germany) and 
20-30 ng human genomic DNA in 1 x PCR buffer (Roche Diag-
nostics) which consisted of 10 mM Tris-HCI, 1.5 mM MgCI2, 
50 mM KCI, pH 8.3 (20 °C). 

The amplification protocol consists of an initial denaturation 
step at 95 °C for 30 s, followed by 11 amplification cycles at 
95 °C for 30 s, 60 °C (- 0.5 °C/cycle until 55 °C at cycle 11) for 20 
sand 72 °C for 20 sand 35 amplification cycles at 95 °C for 30 s, 
55 °C for 30 sand 72 °C for 60 s with a final extension step of 
7~ °C for 2 min. Purified DNA was checked by UV absorbance as 
above. 

The LightCycler system (Roche Diagnostics) was used for 
real-time PCR amplification. All reactions were carried out in a 
total volume of 1 0 ~I per capillary. Each reaction mixture con-
tained 0.5 g/I BSA (Roche Diagnostics), 5.9 mM MgCI2 
(Promega), 0.5 ~M of each primer, 0.2 mM each of dATp, dCTP, 
dGTP and dTTP (Promega), 0.5 U Taq DNA polymerase (Eppen-
dort), a 1:105 dilution of SYBR-Green I stock solution (Roche Di-
agnostics) and 1 ~I of DNA template (- 107 copies of one variant 
of the targets 1.1-1.10, see Table 1) in 1 x PCR buffer (see 
above). 

The amplification protocol consists of an initial denaturation 
step at 95 °C for 30 s, followed by 50 amplification cycles at 
95 °C for 0 s, 58 °C for 2 sand 72 °C for 10 s (constant tempera-
ture ramp of 20 °C/s). Measurements were taken at the end of 
the extension phase at 72 °C. After PCR, each amplification re-
action was checked for the presence of non-specific products 
by melting curve analysis during a linear temperature ramp from 
72 °C to 95 °C with 0.1 °C/s and native polyacrylamide gel elec-
trophoresis. 

Non-Competitive Amplification 

To examine which mismatch combination yields to the best dis-
crimination, we tested which CT-values are obtained when the 
different mismatching templates are amplified with Taq DNA-
polymerase. The perfect-matching template (1.1) was used in 
two different concentrations, 107 and 104 copies, for the calcula-
tion of amplification efficiency of each run (see chapter 'Data 
Evaluation, Calculation of Efficiency' below). Each mismatching 
template (1.2-1.10) was tested with a concentration of 107 

copies per reaction. To elucidate whether the system works also 
with low copy numbers of the templates, the reaction was also 
performed using 104 and 10 copies of each template. 

Competitive Amplification (Titration) 

To simulate the situation in chimeric samples, the perfect-
matching template (1.1) was serially diluted 1:2 from 107 to 6x1 02 
copies and mixed with a constant amount (107 copies) of mis-
matching template (1.2, 1.5 or 1.10). 

Data Evaluation 

The raw data were collected with the LightCycler Run software, 
Ver. 3.0 and evaluated with SoFAR, Ver. 1.0, which is a software 
for the analysis of real-time PCR data (Wilhelm et al. , 2003). 

Calculation of Efficiency The amplification efficiency E (1 S f 

S 2) is calculated from the LlCr value of two samples a and b with 
known but different target concentrations (here: 107 and 104 

copies). Assuming an exponential product accumulation, the Cr 
values of the samples can be derived from NeT = No . /PT, where 
No is the initial target concentration and NeT is the concentration 
of amplified product after Cr cycles of amplification. Because 
the threshold value used for the determination of the Cr values is 
the same for both samples, the product concentrations at the Cr 
values of both samples a and b are equal: Ne," = Ne," = NeT' 

Therefore, the ratio of the initial concentrations of the samples 
a and b can be written as: 

(1 ) 

Equation (1) can be solved for f : 

(2) 

For the different template concentrations (107 and 104 copies) 
used in this work, equation (2) simplifies to: 

(3) 

Calculation of Discrimination When using a mismatching 
template A in real-time PCR, it will propably happen, that the 
polymerase will erroneously elongate a hybridized mismatch 
primer, specific for template B, despite the given mismatch situ-
ation. This leads to an elongation product with the sequence of 
template B, which is a perfect matching template in the follow-
ing cycles. Therefore, due to mispriming, PCR product of type B 
is generated and amplified and leads to an increase in fluores-
cence signal. 

Hence, the discrimination factor 0 is defined as the ratio be-
tween the initial concentration of mismatching template A, NO•A' 

and the amount of erroneously quantified template B, corre-
sponding to a fictive initial concentration of No." (which can be 
derived from the measured C, value): 

(4) 

Knowing the amplification efficiency E, which is assumed being 
identical for both, the amplification of the matching and mis-
matching template, the discrimination factor can be derived 
from the Cr values determined from a mismatching template A 
compared to a matching template B similar to equation (1): 

(5) 
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