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ABSTRACT

The use of thermodynamic parameters for the calculation of
oligonucleotide duplex stability provides the best estimates of
oligonucleotide melting temperatures (T,,). Such estimates can be
used for evidence-based design of molecular biological experiments
in which oligonucleotide melting behavior is a critical issue, such as
temperature or denaturing gradient gel electrophoreses, Southern
blotting or hybridization probe assays on the LightCycler(]. We
have developed a user friendly program for T,, calculation of
matched and mismatched probes using the spreadsheet software Mi-
crosoft ExcelD. The most recently published values for entropy and
enthalpy of Watson-Crick pairs are used, and salt and oligonu-
cleotide concentrations are considered. The 5' and 3' end stability is
calculated for the estimation of primer specificity. In addition, the
influence of all possible mutations under a given probe can be cal-
culated automatically. The experimental evaluation of predicted T,,
with the LightCycler, based on 14 hybridization probes for different
gene loci, showed an excellent fit between measured results and val-
ues predicted with the thermodynamic model in 14 matched, 25 sin-
gle mismatched and 8 two-point mismatched assays (r=0.98; Sy.x=
0.90; y=1.01% —0.38). This program is extremely useful for the de-
sign of oligonucleotide probes because the use of probes that do not
discriminate with a reasonable T,, difference between wild-type and
mutation can be avoided in advance.

INTRODUCTION

The chemical- or temperature-driven melting behavior of
short oligonucleotides that are hybridized to PCR-amplified
DNA is the basic principle of several mutation detection tech-
niques. These techniques include temperature or denaturing
gradient gel electrophoreses (TGGE/DGGE) (17), DNA blot-
ting (7) and the hybridization probe assay on the Light
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Cyclerl] (Roche Molecular Biochemicals) (8). They are only
possible because the stability of dsDNA oligonucleotides is
grossly influenced by mismatches under a specifically de-
signed synthetic probe (18). During the last decade, several
publications that discuss the influence of mismatches on
dsDNA stability, based on thermodynamic principles, have
offered insight into the underlying physico-chemical mecha-
nisms (1-4,10). The stability of a single base pair binding is
influenced by the surrounding base pairs (nearest neighbor).
The thermodynamic parameters for every matched or mis-
matched base pair are experimentally defined (1-4,10). Such
definition allows the prediction of oligonucleotide duplex sta-
bility with or without mismatches. For longer sequences (>50
bp), alternative methods based on length and GC content give
reliable estimates of the melting temperature (T,,) (18), but
only for duplex stability without mismatches. However, mis-
matches have only a minor influence on the T, of longer ds-
DNAs.

For the enthalpy and entropy of matched pairs, unified val-
ues for the prediction of DNA duplex stability are available
that provide a reliable calculation of the T, (12). The Ty, is
the temperature at which 50% of the oligonucleotides in solu-
tion are in a duplex formation. Because entropy depends on
salt and oligonucleotide concentration, the T, is also influ-
enced by these parameters. Therefore, they must be consid-
ered by the use of experimentally derived correction equa-
tions (12).

We have used these parameters to develop a user friendly
program for the T, calculation using the Excell spreadsheet
software (Microsoft, Redmond, WA, USA). It offers a se-
quence that can be pasted from any source into the input
table. The mismatch must be defined together with sodium
buffer equivalents and DNA concentration to calculate the T,
of both matched and mismatched oligonucleotide probes. A
function to calculate the influence of any possible single base
pair mismatch under the probe is also included. Nearly every
laboratory will be able to meet the program’s hardware and
software needs. The program is fully compatible with the
Windows environment. Copy and paste into every program
running under Windows is possible (e.g., into e-mail oligonu-
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cleotide custom synthesis order programs). This program reli-
ably calculates estimates of hybridization probes’ T, when
compared with experimental data from genotyping assays
used in our laboratory and is of particular interest for the de-
sign of such hybridization-probe mutation detection systems.

MATERIALS AND METHODS

Every standard PC equipped with Microsoft Windows
(NT4.0, WIN95 or WIN98) or a Macintosh" computer (Ap-
ple Computer, Cupertino, CA, USA) with Microsoft Excel
Ver. 5.0 and later can run the program. For the calculation of
enthalpy (AHO) and entropy (AS9), we used the unified para-
meters derived from six independent laboratories (12). Para-
meters for the stability of mismatched duplexes were taken
from publications of the same group (1—4,10). The Appendix
gives the equations that are used for the calculations in this
program. Oligonucleotides (PCR primers and fluorescein
probes) were custom synthesized (MWG-Biotech, Germany).
LC-Red640-N-hydroxysuccimide ester (Roche Molecular
Biochemicals, Mannheim, Germany) was linked with the re-
spective oligonucleotide by using an aminolinker purchased
from Glen Research (Sterling, VA, USA) and was purified by
HPLC. Experimental T,, values were determined with the
LightCycler using standard techniques in hybridization probe
format (16). The actual T, was calculated by the LightCycler
software (Ver. 3.0) as the maximum of the first derivative of
the fluorescence as opposed to the temperature function. Ex-
periments were run in triplicates and the CV was <1% for ex-
periments repeated on different days.

Program Overview

The Excel spreadsheet consists of three parts: an input
table, an output table for all possible mismatches under the
probe and the program itself. After loading, the program adds
a new menu item to the standard menu that incorporates four
program functions (Figure 1): (i) calculation of the T, of self-
complementary oligonucleotides; (ii) calculation of the T, of
non-self-complementary oligonucleotides; (i) generation of
a spreadsheet with the T, of any possible one-point mutation;
(iv) calculation of buffer strength in sodium equivalents.
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Figure 1. Menu for the calculation of oligonucleotide thermodynamics.
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The calculation of oligonucleotide T, takes <1 s for the
program items 1 and 2. The time for calculation of all possi-
ble single-point mismatch T, under the probe (program 3)
depends on the length of the probe because 3% (x-2) se-
quences are considered (where x is the length of the probe).
For example, it takes approximately 5 s to generate the output
spreadsheet for a 30-mer probe on a PC equipped with an
AMD K6-350 that runs on Windows NT 4.0 and Microsoft
Excel 7.0.

Users can type the sequence (only nucleotides A, T,G and
C are allowed) into the input table or paste it from other
sources, such as the GenBankU database (HTTP://www2.
ncbi.nlm.nih.gov/cgi-bin/genbank). The sequence must be
free of unnecessary characters, such as numbers and spaces.
Two sequences are always required as input. The length of the
input sequence is restricted to <256 bp because the model is
not useful for longer DNA sequences. The oligonucleotide
concentration and the concentration of sodium equivalents
must be entered in the respective cells because these parame-
ters also influence the T,,. For user convenience, a sodium
equivalent calculator computes the monovalent ion concen-
tration on user input of Mg** and K+ concentration (6) of the
used buffers; this number is then pasted into the respective
cells of the input table. Until the influence of Mg** on DNA
duplex stability is fully investigated, we recommend this for-
mula. However, Mg** concentrations higher than approxi-
mately 8 mM will not be properly accounted for. When di-
methyl sulfoxide (DMSO) is included in the PCRs, its
influence on T, is considered when a value >0% is given in
the respective cell.

After these steps are completed, the user can start the cal-
culation by choosing the desired function from the “Melt-
Calc” menu. When starting the T, calculation “Melt-it” (self-
complementary or non-self-complementary), the given
sequences are separated into single nearest-neighbor pairs,
and the thermodynamic values of the resulting pairs are taken
from the internal table. If the second sequence contains a mis-
match, then the respective mismatch parameters are used. To-
tal thermodynamic values for the sequences are then calculat-
ed according to the equations given in the Appendix. The
program writes back T, values for the matched and mis-
matched oligonucleotide and the difference in T,, between
the given wild-type and mutation (mismatch). In addition,
GC%, the free energy (AGY) of the 5’ and 3' pentamer end of
the oligonucleotide are also calculated. The pentamer stability
is useful for the estimation of primer performance because it
has been shown that primers with high priming efficiency are
somewhat more stable at their 3' end (11). The system calcu-
lates enthalpy and entropy values under standard conditions
(1 mol/L. NaCl, 100 mol/L oligonucleotide). For the entropy,
the values after correction of the given salt concentration are
calculated and shown. Because it might be favorable to probe
the antisense strand for a mutation detection caused by a high-
er T, difference between matched and unmatched sequence,
the same outputs just described are given for this strand to-
gether with the respective sequence. Figure 2 shows the cal-
culation of duplex thermodynamics of an oligonucleotide
with a mismatch.

Additionally, the program will calculate the influence of
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every possible mutation that can occur under a given probe.
This is helpful to estimate the detection specificity of a muta-
tion. When the user selects this menu item, the system calcu-
lates the T, for every possible single point mismatch between
the perfect matched and the mismatched sequence. Results
are sorted by the T, difference with the perfect match and are
written into a separate spreadsheet together with the respec-
tive sequence. The position of the mismatch in the sequence
is indicated by an uppercase letter together with the base that
was changed. The complementary reversed sequence is also
displayed in an additional row (Figure 3).

Because no thermodynamic parameters for dangling ends,
double and terminal mismatches are available as yet, these are
not calculated by the program. The same restrictions apply for
double mismatches as direct neighbors, with the exception of
those pairs (e.g., GG/TT or GT/TG) for which respective val-
ues are known (1). Such calculations are only possible with

the HyTher program of Santal.ucia’s group, available at
HTTP://jsl1.chem.wayne.edu that uses as yet unpublished
thermodynamic data. For all other situations, the presented
spreadsheet application calculates results equivalent to the
HyTher program.

RESULTS

We have generated eight different single base pair muta-
tions by site-directed mutagenesis under a wild-type and a
mutation complementary probe that we used for the detection
of the apolipoprotein-B3500 mutation (14). These mutations
were used with two different probes for experimental valida-
tion of the calculated T, values together with 12 other hy-
bridization-probe sets that are currently used in our laboratory
for genotyping of various gene loci (15,16 and unpublished
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Figure 2. Input spreadsheet after calculation of thermodynamic values (example). Cells for user input are marked with dark letters on white background.
Note the difference in AT, when the detection probe is sited on the antisense strand.

Mismatch Sequence Reverse Sequence MG Tlman ATm
iperfect match) cggogattatogoaccagt actggtgogacaatcgoag =£1.09 B4.5
ch cguougChtgtogoaccagt actggtocgacaaGogoog -25.14 62 .8 L.
cllk cggegattgCogoaccagt actggtgogGoaatogecg =24, 86 6.2 2.3
cld cggogattgtegeCocagt actggagogacaatogoog -24 .69 G0 2.5
=3 cagCogattgtegoaccagt actggtgogacaatcgGoeg 25023 61.2 =3
[t cggogattgtogcaccagt actggtgogaciGatogoog -Z4.77 61.0 35
=) cggogaCtigtcgeaccagt ackggtgcgacaGicgocy -Z4.43 B0.7 3.8
clH cggogattgtogoacoact aGtggtgogacaatcgoog =24, 63 d.6 4.9
tla cygogattgtogoaccaTt ahtggtgogacaatogoog -24.21 60.5 4.0
a4 cggoghtigtogoaccagt actggtgogacaalogoog =23.33 0.4 4.1
t3 cglogattgtocgraccagt actggtgocgacaatcghoyg =238 60,0 4.5
ta cggegTttgtegraccagt actggtgogacaahcgoog =24.13 ik 1.8
217 cggegattgtogoaccCat actggtgcgacaatogoeg —&d .22 3.9 4.7
cH cggogattCtogoaccagt actggtgogaGaatogoog -23.89 58.48 4.3
a7 cogoegaGtgtogoaccagt actggtgogacaCtogoag -Z3.84 59.4 e
ak cggogathgrogoaceagt actggtgogacTatcgoeg -24.08 5.4 5.1
ta cggogattTtogoaccagt actggtgocgahaategooy =23.32 Sbal 5.4
a3 cgicgattgtogoaccagt actggtgogacaategTog =23.52 59,1 5.5
ad cAgogattgtogoaccagt actggtgcegacaatcgaeTy =23, 87 58.0 5.5

Figure 3. Output after calculation of all possible mismatches under a given probe (example; truncated).
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data). A total of 14 matched and 33 unmatched hybridization
experiments were performed in triplicate. The annealing
oligonucleotide concentration is needed for T, calculation
according to [Equation 3]. We have used the final concentra-
tion of the hybridization probe in each assay (0.1 and 0.2
pHmol/L) for parameterization of the model. If DMSO was
present in the PCRs the lowering influence on T, which is
0.6°C/% DMSO (9), was considered. The results in Figure 4
show excellent agreement of calculated and measured T, for
both wild-type experiments and for those with mismatches
(n=47; r=0.98, Sy/x=0.90). The T, of the perfectly matched
and the mismatched hybridization was predicted with an ac-
curacy of #2.4°C (£2 sp). Figure 4 shows a Bland-Altman
difference plot (5) of T, values predicted with the thermody-
namic model vs. those values derived from LightCycler ex-
periments plotted against the mean of both.

DISCUSSION

An easy-to-use spreadsheet program is presented that cal-
culates the T, of oligonucleotide duplexes on the basis of
thermodynamic parameters for nearest-neighbor pairs. Re-
cently published values for enthalpy and entropy allow a pre-
cise prediction of duplex stability and the T,, with an error of

approximately 2°C (1-4,10,13). Our data show that this holds
true for hybridization-probe experiments after enzymatic am-
plification of genomic DNA with an estimated error of 2.4°C,
with appropriate parameterization of the thermodynamic
model for matched, one-point and two-point mismatched
oligonucleotide sequences.

The application of this program for the design of hy-
bridization assays on the LightCycler is of special interest
when selecting a probe/anchor pair that gives the best discrim-
ination (difference in T, between wild-type and mutation). In
our experience, a minimal difference of 1.5°C is necessary,
and at least 3°C is advisable for the safe detection of heterozy-
gosity. Furthermore, it estimates the discriminating power of
such assays for the detection of a mutation of interest and oth-
er mutations that may be present in the region covered by the
probe by calculating the T, of all possible mutations.

A more detailed discussion about hybridization-probe as-
says on the LightCycler and their discrimination power was
published recently (14). Because dye labeled probes (ca.
$3.80 per assay) are expensive, added to the cost for techni-
cian time in setting up a suitable and reliable genotyping as-
say, the use of this thermodynamic approach before probe de-
sign and synthesis may save time and money. The program
can be used in almost every scientific laboratory that works
with T, -based molecular biological assays.

From a theoretical point of view, such evidence-based de-
sign of probes is also applicable to DNA blotting, microarray
experiments or for the estimation of suitable stringency con-
ditions (sodium concentration) that give reliable and repro-
ducible results for respective experiments. How valid the
model is for other hybridization assays can not be concluded
from our data. However, other assay systems (e.g., TagMan)
should also profit from a probe design that generates a maxi-
mum difference between perfectly matched and mismatched
sequences. In addition, the “make all mismatches” feature

gl
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Figure 4. Difference plot for predicted and observed T,,, derived from 14
different LightCycler hybridization-probe assays vs. the mean T, of
both. Probe lengths were 17-29 bp, GC content was between 24% and 63%.
Melting temperatures from 14 matched (e ), 25 different single mismatches
(m) and 8 two-point mismatches () evaluated in 14 hybridization-probe as-
says are shown (r=0.977). The solid line (—) represents the mean difference
of predicted and observed T, (-0.13°C), and (- - - - ) shows 2 sD (2.4°C).
Regression estimates are derived from principle component analysis of calcu-
lated vs. measured T, values. Correlation coefficient represents Pearson’s r.
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may be helpful to calculate how specific a mutation can be
detected by a certain T, shift. We encourage scientists work-
ing with hybridization assays to use this program and to re-
port their experience to the scientific community.

The program is available at HTTP://serverl.medikc.
med.uni-goettingen.de/meltcalc.htm, which can also be ac-
cessed through a link from the Software Library on the
BioTechniques Web site (www.biotechniques.com), or by e-
mail upon request from the authors.

Formulas and Equations

The enthalpy (AH?) and entropy (AS?) and free energy
AGO of an oligonucleotide duplex is calculated as the sum of
the entire nearest neighbors plus helix initiation and symme-
try terms:

AHO, 1 = ZiAHO (i) + AHO (5'inir) + AHO (3'inif) + AHO (symmetry)

[Eq. 1]

For ASY and AGO, the same formula applies. The AHO, ASO
and AGY values for nearest neighbors for matched and mis-
matched base pairs and those for initiation and symmetry cor-
rection were taken from published data (1-4,10,12).

Apart from entropy and enthalpy of the nucleotides in the
sequence, the concentration of monovalent ions and oligonu-
cleotides must be taken into account as the data basically pro-
vided by Allawi and Santalucia are derived at 1 mol/L NaCl.
Because enthalpy is independent of salt concentration, only
entropy values for a given [Na] were calculated according to
the formula:

ASO [Na] = ASO [1M Na] + 0.368 x N x In [Na] [Eq. 2]

where N is the total number of phosphates in the duplex di-
vided by two (12) which usually equals the length minus one.

The T, of self-complementary oligonucleotides at a given
concentration CT in a solution with the sodium equivalence
concentration [Na] is calculated as:

T, = AHO/(ASO [Na] + R x In CT) [Eq. 3]

where R is the gas constant (1.987 cal/Kxmol); for non-self-

complementary sequences, CT is the concentration of

oligonucleotides divided by 4. If strands are in different con-

centrations, CT is defined as Ca-Cb/2, where Ca and Cb are

the concentrations of either oligonucleotide and Ca > Cb.
Calculation of monovalent cations (6):

[Na equivalents] = [MgCl,] x 100 + [KC1]
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