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a b s t r a c t

Many factors that change the temperature position and interval of the DNA helix–coil transition often
also alter the shape of multi-peak differential melting curves (DMCs). For DNAs with a multi-peak
DMC, there is no agreement on the most useful definition for the melting temperature, Tm, and tempera-
ture melting width, DT, of the entire DNA transition. Changes in Tm and DT can reflect unstable variation
of the shape of the DMC as well as alterations in DNA thermal stability and heterogeneity. Here,
experiments and computer modeling for DNA multi-peak DMCs varying under different factors allowed
testing of several methods of defining Tm and DT. Indeed, some of the methods give unreasonable
‘‘jagged’’ Tm and DT dependences on varying relative concentration of DNA chemical modifications (rb),
[Na+], and GC content. At the same time, Tm determined as the helix–coil transition average temperature,
and DT, which is proportional to the average absolute temperature deviation from this temperature, are
suitable to characterize multi-peak DMCs. They give smoothly varying theoretical and experimental
dependences of Tm and DT on rb, [Na+], and GC content. For multi-peak DMCs, Tm value determined in this
way is the closest to the thermodynamic melting temperature (the helix–coil transition enthalpy/entropy
ratio).

� 2015 Published by Elsevier Inc.
In general, the temperature melting range, DT, is related to the
size of the temperature interval spanned by DNA helix–coil transi-
tion, and the melting temperature, Tm, is somewhere in its middle.
For the majority of the definition methods, approximately 80% of
base pairs are melted out in the temperature interval (Tm � DT/2,
Tm + DT/2). When the composition of solution used for DNA melt-
ing experiments is changed, or DNA is chemically modified, the
shift of the melting temperature characterizes the impact of these
factors on the thermal stability of the double helix and the tem-
perature melting range reflects their influence on DNA thermal
heterogeneity.

This study was carried out because there is no agreement on the
most useful definition for the melting temperature, Tm, and tem-
perature melting width, DT, whose dependences on various factors
can be properly defined if DNA differential melting curves (DMCs)1

have multi-peak fine structure. Indeed, theoretical and experimental
studies demonstrate that the increasing concentration of DNA
chemical modifications that alter Tm and DT also strongly changes
the shape of multi-peak DMC [1–4]. Therefore, a change in Tm and
DT also reflects this alteration in the shape besides the relevant
change in the thermal stability and thermal heterogeneity of the
double helix. However, there was no theoretical or experimental evi-
dence supporting or disproving this viewpoint. Here, we have carried
out such a study.

The Tm and DT dependences on GC content, [Na+], and per
nucleotide concentration of chemical modifications (rb) randomly
distributed along DNA have been calculated in several ways
described below. Indeed, some of the ways give unreasonable
‘‘jagged’’ dependences of the Tm and DT on rb, [Na+], and GC con-
tent. At the same time, Tm taken as the helix–coil transition aver-
age temperature and DT that is proportional to the average
n square
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absolute temperature deviation from this temperature give
smoothly varying dependences even if DMCs are multi-peak, and
the same factors cause a strong alteration in their multi-peak
shape. For multi-peak DMCs, Tm value determined in this way is
the closest to the thermodynamic melting temperature (the ratio
of the helix–coil transition enthalpy and entropy).
Materials and methods

Experiment

Calf thymus DNA from Sigma–Aldrich was used after additional
purification. High-resolution melting profiles of DNA were
obtained using a model CSC 6300 NanoDSC differential scanning
calorimeter (Calorimetry Sciences, USA) with a cell volume of
0.3 ml. In the differential scanning calorimetry experiments, fur-
ther primary processing, and determination of the enthalpy and
entropy of the helix–coil transition, we followed standard proce-
dures [5–7].

In the melting studies at various [Na+], DNA concentration was
1 mg/ml. Melting media included buffer used in our earlier studies
(0.05 mM ethylenediaminetetraacetic acid [EDTA] and 1 mM
Na2CO3, pH 7.0 [4,8]), and NaCl was added to obtain [Na+] from
the interval 10 to 210 mM. We have shown that replacement of
1 mM Na2CO3 with 5 mM cacodylate or with any other concentra-
tions of Na2CO3 from 0.05 mM to 5 mM does not alter DNA melting
profiles if total [Na+] and neutral acidity are conserved.

For the study of platination on the melting parameters, DNA at a
concentration of 1.2 mg/ml was incubated in 10 mM NaClO4 for
48 h at 37 �C in the dark at approximately pH 6.0 with cisplatin
(Sigma–Aldrich). Pt/nucleotide molar ratio (rb) was 0.001 to 0.05.
The melting was carried out in the same buffer at
[Na+] = 210 mM. In these ionic conditions, the destabilizing influ-
ence of cisplatin on melting temperature is the strongest [8].
Fig.1. Graphical definitions of parameters of melting curves (A) and differentia
melting curves (B). These parameters characterize the temperature position
(melting temperature: T0.5, Tmax, Tint, and Ttherm) and width (temperature melting
range: DTtng, DThh, and DT25–75) of the helix–coil transition. Data for calf thymus
DNA are used as an example. It is seen that the beginning Ts and end Te are slightly
different for the melting curve and corresponding DMC.
Computer modeling

We examined a DNA molecule of Nbp base pairs (bp) that can be
unmodified or include x chemically modified sites located at base
pairs with numbers n1, n2, . . .,nx that corresponds to the per
nucleotide concentration of the modifications rb = x/(2�Nbp). It is
supposed that each modification locally changes the free energy
of the helix–coil transition by dG(T). A slightly modified conven-
tional Poland–Fixman–Freire procedure [9–12] was used for
calculation of DNA melting curves of unmodified and chemically
modified DNA.

The following DNA parameter values were used for calculation:
total number of base pairs, Nbp = 104 bp; fraction of GC base pairs,
GC = 0.25 to 0.75; loop entropy factor for a loop of L base pairs
formed between boundaries of internal melted region,
f(L) = (L + 1)�1.7 [11,12]; factor of cooperativity or statistical weight
assigned to the boundaries of an internal melted region bordered
by helical ones, rcoop = 4.5�10�5 [11]; strand association parameter,
b = rcoop [13]; concentration of base pairs Cbp = 3�10�5 M that cor-
responds to CDNA = 0.02 mg/ml and to the concentration of DNA
strands Cstr = 2�Cbp/Nbp = 6�10�9 M; melting temperatures of AT
and GC base pairs and the enthalpy of the helix–coil transition,
TAT = 65.2 �C and TGC = 107.8 �C, DHAT = 8.408 kcal/(mole bp),
DHGC = 9.467 kcal/(mole bp) [11]. Using these parameter values,
the melting curve #(T) (the fraction of melted base pairs) and dif-
ferential melting curve #0T(T) with pronounced fine structure were
calculated. Then the melting temperature and temperature melting
range were determined using various definitions.

For the sake of clarity and ease of analyzing the results of
calculation, we have used a model that does not include stacking
heterogeneity. For a specified shape and temperature location of
DMC, the Tm and DT are independent of the melting model.

For a given GC content, DNA sequences of AT and GC base pairs
were produced with a random number generator. For a random
generated sequence or for a known real sequence of Nb base pairs,
2�rb�Nbp random sites of chemical modification were generated for
a given per nucleotide concentration (rb).

As an example of a real sequence, plasmid pBR 322 (4361 bp)
linearized with EcoRI was used in calculations.
Various definitions of DNA melting temperature Tm

In general, the temperature melting range DT is related to the
size of the temperature interval spanned by the DNA helix–coil
transition, and the melting temperature Tm is somewhere in its
middle. In Fig. 1, the illustration of various definitions of melting
temperature (Tm) is shown in the picture of melting curve #(T)
and differential melting curve #0T(T). If DMC demonstrates a single
peak, then the position of the maximum can be taken as the melt-
ing temperature (Tm = Tmax) [5,6,14,15] (Fig. 1). If DMC includes
several peaks [7,16–18] and they do not change their relative posi-
tion under the influence of a factor that shifts Tm [16–18] (see also
Fig. 2), then the position of the highest peak can be considered as
the melting temperature, which is determined with Eq. (1):

#0TðTmaxÞ ¼max½#0TðTÞ�: ð1Þ

A strong change in Tm without a change in the shape of DMC
occurs, for example, under alteration in Na+ ion concentration
[16,17] (see also Fig. 2) or in the concentration of formamide
[18]. For some melting experiments, it is convenient to define Tm

as the temperature position of the highest point of DMC if the
end of melting occurs at a temperature too high to be recorded
due to instrumental limitations. In this case, other definitions of
Tm cannot be used because the whole melting curve is required
for their determination.

The most popular definition of DNA melting temperature is the
temperature that corresponds to the half of melted base pairs
l



Fig.2. DMCs (normalized thermograms) of calf thymus DNA registered at [Na+] = 10
to 210 mM (A) and at cisplatin per nucleotide ratio rb = 0 to 0.05 for [Na+] = 210 mM
(B). The peak numeration is shown under the curve corresponding to [Na+] = 0.21 M
(panel A).
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(Tm = T0.5) or to a half-change of the parameter used for registration
of the helix–coil transition:

#ðT0:5Þ ¼ 0:5: ð2Þ

The melting temperature can be determined as the average
temperature of the helix–coil transition or rather the temperature
mean of DMC (Tint):

T int ¼
Z Te

Ts

T � #0TðTÞdT; ð3Þ

where #0T(T)�dT is considered as the fraction of base pairs melted
out in the temperature interval (T, T + dT) and Ts and Te are the tem-
peratures that correspond to the start and end of DNA melting,
respectively.

Tint was used to characterize asymmetric DMCs [19–21]. For Tint

determination, DMC is considered as a density function of tem-
perature and the melting curve is considered as the corresponding
cumulative function. The definition is especially helpful for evalua-
tion of the DNA average GC content [19,22].

If DMC includes a single symmetric peak, or the asymmetry is
negligible, then all Tm definitions give very close values (Fig. 1B).
It is not true for multi-peak DMCs.

The most general thermodynamic definition of the melting tem-
perature [6] is given by Eq. (4):

Ttherm ¼ DH=DS; ð4Þ

where DH and DS are enthalpy and entropy of the helix–coil transi-
tion measured with differential scanning calorimetry or calculated
(see comments on Eqs. (16) and (17) in Ref. [6]). This definition is
independent of the fine structure of DMC but requires knowledge
of the enthalpy and entropy.
Definitions of temperature melting range DT

In general, the temperature melting range DT is related to the
size of the temperature interval spanned by the DNA helix–coil
transition. The most obvious definition of the temperature melting
range is the difference between the temperatures that correspond
to the end (Te) and start (Ts) of DNA melting (Fig. 1A). However,
defining those two temperatures for an experimental melting
curve is not always straightforward. In the experiment, different
representations of melting curve give different positions of Ts and
Te. It is well seen from comparison of Fig. 1A and B. In theoretical
and some experimental studies, the positions of Ts and Te are
strongly shifted to lower and higher temperatures because of low
temperature opening of the double helix and high temperature sin-
gle-stranded stacking [23,24]. Moreover, in long DNAs of higher
organisms, a very small fraction of base pairs is included in long
regions (�1000 bp) in which nearly all base pairs are AT or GC
[25]. Strictly speaking, it means that Ts is close to TAT and that Te

is close TGC. Because the start and end of a helix–coil transition
can be ambiguous, the temperature melting range (DT) is often
considered as a temperature interval (Tm � DT/2, Tm + DT/2) where
the majority of base pairs is melted out. Those definitions are based
on the properties of the central part of the melting curve and not
on the location of the extreme points Ts and Te.

In early studies [26], DT was defined as DTtng, the distance
between intersections with horizontal lines # = 0 and # = 1 of the
tangent to melting curve at the point of melting temperature (Eq.
(5) and Fig. 1A):

DTtng ¼ 1=#0ðT0:5Þ: ð5Þ

However, this definition method demonstrated a strong ragged-
ness of concentration dependences of DTtng in computer modeling
of melting behavior of DNA–ligand complexes [27]. The raggedness
is much weaker for DT25–75, which is twice the difference between
temperatures T0 = 0.75 and T0 = 0.25 corresponding to the fractions of
melted base pairs 0.75 and 0.25, respectively:

DT25—75 ¼ 2ðT#¼0:75 � T#¼0:25Þ: ð6Þ

In the case of smooth single-peak DMCs, DT25–75 is slightly lar-
ger than DTtng (see below).

Another definition of the temperature melting range DT often
used in various studies is the full width at half maximum of the
height of a DMC (DThh) [5,6]. For a multi-peak DMC, we have
defined DThh as the difference between maximal (T1/2max) and
minimal (T1/2min) temperatures corresponding to the half of the
maximal height of DMC (Fig. 1B):

DThh ¼ ðT1=2 maxÞ � ðT1=2 minÞ: ð7Þ

The temperature standard deviation of DMC was also used to
measure a temperature melting range [20]:

DTra ¼
Z Te

Ts

ðT � T intÞ2 � #0TðTÞ � dT
� �1=2

: ð8Þ

We made use of another definition of the temperature melting
range for DNA complexes with platinum compounds, which is pro-
portional to the average absolute deviation from the average tem-
perature [8]:

DT inta ¼
Z Te

Ts

jT � T intj � #0TðTÞ � dT: ð9Þ

If DMC is described by the Gaussian function, then all def-
initions of the melting temperature give the same value (as for
any symmetrical DMC) and

#0TðTÞ ¼ ð
ffiffiffiffiffiffiffi
2p
p

� rÞ
�1
� expf�0:5½ðT � TmÞ=r�2g ð10Þ

or

#0TðTÞ ¼ DT�1
tng � expf�p � ½ðT � TmÞ=DT tng�2g; ð11Þ

where r is the standard deviation.



Fig.3. [Na+] dependences for various definitions of the melting temperature Tm

(T0.5, Tmax, Tint, and Ttherm) (A) and of the temperature melting range DT (DTtng, DThh,
DT25–75, DTint, and DTr) (B) calculated for DMCs from Fig. 2A. The average
difference between Tint and Ttherm is 0.05 �C. A deviation from linearity for DThh is
caused by a change in the shape of the DMC as [Na+] decreases from 0.011 to
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Expressing all DT definitions in terms of r, one obtains

DTtng ¼ 2:5066r ð12Þ
DT25—75 ¼ 2:698r ð13Þ
DThh ¼ 2:355r ð14Þ
DTra ¼ r ð15Þ
DT inta ¼ 0:7979r: ð16Þ

The first three DT definitions give close values (Eqs. (12)–(14))
and the temperature interval (Tm � DT/2, Tm + DT/2) spanning the
region where the majority of base pairs is melted out (Fig. 1).
The deviation from DTtng is less than 10% for DT0.25�0.75 and
DThh. However, the values of DTra and DTinta are small.
Therefore, we multiplied DTra and DTinta by the factors
(2p)1/2 and p, respectively, to make them equal to DTtng given by
Eq. (12).

Thus, the final expressions for DTr and DTint are the following:

DTr ¼ ð2pÞ1=2
Z Te

Ts

ðT � T intÞ2 � #0TðTÞ � dT
� �1=2

ð17Þ

DT int ¼ p �
Z Te

Ts

jT � T intj � #0TðTÞ � dT: ð18Þ

0.01 M. Peak 3, which is higher than the half of the maximal height of DMC,
becomes lower than this value and is omitted from the DThh melting range (see
Figs. 1B and 2A).
Quantitative evaluation of suitability of different Tm and DT definitions

A factor that alters the melting temperature (Tm) and tempera-
ture melting range (DT) often also strongly changes the fine multi-
peak structure of the DMC [1–4]. Definitions of Tm and DT can be
used to characterize a change in DNA thermal stability and thermal
heterogeneity caused by this varying factor (x) if they produce
smoothly varying dependences Tm(x) and DT(x) independent of
alteration in the fine structure. Varying per nucleotide concentra-
tion of chemical modifications (rb), GC content, [Na+], time or dose
of irradiation, and the like are such factors. Each point of the
dependences Tm(x) and DT(x) is obtained from the corresponding
DMC.

In Fig. 3, all Tm and DT dependences on [Na+] (except
DThh([Na+])) can be considered as smoothly varying. In Fig. 5B
(see Results and discussion), Tint(GC) is smoothly varying, but
Tmax(GC) is ‘‘jagged.’’ A ‘‘smooth’’ arrangement of points Tm(xi) is
characterized with low deviation from their polynomial approxi-
mant Tmappr(xi). In this case, the root mean square error of approx-
imation (RMSEA) given by Eq. (19) must be small:

RMSEA½TmðxÞ� ¼
XNp

i¼1

½TmðxiÞ � TmapprðxiÞ�2
 !

=Np

( )1=2

; ð19Þ

where Np is the number of points Tm(xi) or, more exactly, the num-
ber of DMCs registered at different xi and used for determining
Tm(xi).

Thus, the RMSEA value can be a measure of the ‘‘quality’’ of a
given definition. If RMSEA is much lower than experimental error,
as for Tint(GC) in Fig. 5B (RMSEA = 0.0039 �C), then the quality is
high. At the same time, RMSEA = 0.59 �C for Tmax(GC); that is, it is
100 times higher. Thus, in the considered case, Tmax demonstrates
low ‘‘quality’’ and is not suitable for definition of the melting tem-
perature. Here, linear polynomial was used for RMSEA calculation.
Depending on the type of Tm and DT dependences, various polyno-
mial approximants were used.

In some cases, the dependence of DT(GC) was weak. Therefore,
to compare different definitions of DT(GC), the mean of DT(GC) and
standard deviation (DTav ± SD) were used instead of RMSEA.

For all definitions of Tm, the comparison with the conventional
expression given by Eq. (20),
TexprðGCÞ ¼ TAT þ ðTGC � TATÞGC; ð20Þ

was also carried out for calculated DMCs. The mean and standard
deviation of the difference between Tm and Texpr denoted by
[Tm(GC) � Texpr(GC)]av ± SD were calculated.

For the same asymmetrical DMC, various definitions of melting
temperature give different Tm values (Fig. 1B). If a study requires
only a change in Tm under any factor, then any of definitions that
give parallel and smoothly varying dependences can be used
(Fig. 3B). When melting temperature value is necessary and not
its change, then ‘‘the best’’ definition can be selected among them
as the closest to Ttherm (Eq. (4)). In Fig. 3A, the dependence
Tint([Na+]) is much closer to Ttherm([Na+]) (average deviation is
0.05 �C) than other Tm dependences.
Results and discussion

Influence of [Na+] on melting parameters of calf thymus DNA

As an example of various definitions of Tm and DT, let us con-
sider the influence of ionic strength and chemical modifications
formed by the antitumor drug cisplatin on DMC, melting tempera-
ture, and temperature melting range of calf thymus DNA. DNA
thermograms after subtraction of buffer baseline, sample baseline,
and normalization to the area are shown in Fig. 2. It is seen that Na+

concentration strongly influences the position of melting curve
with a minimal change in the shape if [Na+] > 0.011 M. When
[Na+] becomes smaller than 0.011 M, a change in the shape occurs
(Fig. 2A). At the same time, cisplatin suppresses the fine structure
(Fig. 2B).

The melting temperature and temperature melting range calcu-
lated with different methods for the DMCs from Fig. 2A are repre-
sented in Fig. 3. It is seen that both parameters give smoothly
varying [Na+] dependences for any determination method. In gen-
eral, the melting temperature monotonously increases with [Na+],
and the temperature melting range decreases (Fig. 3A). The only
case of non-monotony for DThh([Na+]) (Fig. 3B) is caused by a
strong change in the shape of the curve #0(T) registered at 0.01 M



ig.5. Three DMCs (out of 10) calculated for random sequences that include one
lock with GC content close to 0.5 (0.4906 6 GC 6 0.5067) (A) and the GC
ependences of melting temperatures obtained for those sequences using various
efinitions (B). In the plot, the curve Texpr(GC) = TAT + (TGC � TAT)�GC is located higher
an Tint(GC) by 0.070 ± 0.0047, which illustrates the destabilizing influence of the
rand separation.

Fig.4. The rb dependences for various definitions of the melting temperature (A)
and the temperature melting range DT (B) calculated for DMCs from Fig. 2B. The
average difference between Tint and Ttherm is 0.05 �C. The strongest variability for
DThh is caused by a change in the shape of the DMC as rb increases from 0.005 to
0.01. Peak 3, which is higher than the half of the maximal height of DMC, becomes
lower than this value and is omitted from the DThh melting range (see Figs. 1B and
2B).

32 Parameters of DNA multi-peak differential melting curve / D.Y. Lando et al. / Anal. Biochem. 479 (2015) 28–36
Na+ relative to all other curves (0.011 6 [Na+] 6 0.21 M). Peak 3,
which is higher than the half of the maximal height of DMC,
becomes lower than this value at [Na+] = 0.01 M and stops to influ-
ence DThh (Fig. 2). At the same time, the [Na+] dependences of
DTtng, DT25–75, DTint, and DTr are smoothly varying, and DTtng,
DTint, and DTr almost coincide. Thus, all definitions of the melting
temperature and temperature melting range except DThh give
parameter values that are changed with [Na+] in the same
smoothly varying and monotonous way.

Although the difference between various melting temperature
determinations reaches 1.5 �C (Fig. 3A), the shift of melting tem-
perature caused by a change in [Na+] from one given value to
another is independent of the determination method (Fig. 3A).
All of them are smoothly varying. Choosing the Tm definition that
gives values closest to Ttherm helps us to make a choice of the most
suitable among them. Tint is much closer to Ttherm in comparison
with other definitions. The average difference between them is
smaller at 0.05 �C.

For platinated DNA, the relationship between different def-
initions of Tm and DT are the same (Fig. 4). The rb dependences
of melting temperatures are linear; Tint(rb) and Ttherm(rb) are very
close (Fig. 4A). A strong non-monotony of DThh(rb) is also caused
by a decrease of peak 3 as rb changes from 0.005 to 0.01 (Fig. 4B).

Melting parameters for random sequences with approximately the
same GC � 0.5

So long as the dependence of Tm(GC) was measured in various
DNA thermodynamic studies (see Ref. [16] and references therein),
let us consider which of the definitions give a correct dependence
Tm(GC). This issue was considered before on the basis of experi-
mental data [19,22]. In this part of the work, we have obtained
10 sequences of Nbp = 104 bp in the narrow range of GC = 0.4906
to 0.5067. The multi-peak shapes of calculated DMCs are different
(Fig. 5A).

As follows from Fig. 5B, the curve Tint(GC) is located lower and
parallel to the line corresponding to the conventional expression
F
b
d
d
th
st
defined by Eq. (20), and their mean difference is almost constant
(�0.070 ± 0.0047 �C) (Fig. 5B).

At the same time, T0.5(GC) is located slightly higher than
Texpr(GC), and there is no parallelism. In contrast to Tint(GC), the
SD of the difference is larger than the mean (0.066 ± 0.096). For
Tmax, the excess over Texpr and the deviation from parallelism are
even stronger (0.62 ± 0.59). The maximal difference reaches
1.43 �C. The RMSEA[Tm(GC)] values for linear approximation shown
in Table 1 correspond to these results and are equal to 0.084,
0.0039, and 0.38 for T0.5, Tint, and Tmax, respectively.

This example demonstrates that distortions of T0.5(GC) and
especially of Tint(GC) caused by varying fine structure of DMCs nei-
ther disturb monotony nor exceed errors of experimental studies.
At the same time, a change in multi-peak DMC shape strongly
influences Tmax(GC) (Fig. 5B). Only Tint can be used in theoretical
studies to elucidate various weak effects. Here, the dependence
Tint(GC) reliably demonstrates the lowering in Tint(GC) relative to
Texpr(GC) that is caused by strand separation after full DNA melting.
Indeed, the prohibition of strand separation in the model of DNA
melting strongly reduces the absolute value of the difference
Tint(GC) � Texpr(GC) (not shown). At the same time, T0.5(GC) and
Tmax(GC) are not changed under such prohibition because their val-
ues depend on the part of the melting curve that corresponds to
# < 0.7. For long DNA, the strand separation usually begins at
# > 0.9. Calculations demonstrate that a decrease in Nbp from 104

to 5�103 bp causes 2-fold strengthening of the destabilizing effect
of the strand separation on Tint (not shown). In contrast to the cur-
rent case, strand dissociation influences T0.5 of shorter DNAs with
Nbp < 1000 bp [28–30].

In the considered very small range of GC, DT values are indepen-
dent of GC, but dependent on sequence and corresponding multi-
peak shape of DMCs. For DTint and DTr, the SDs are approximately
10% of the means. For other definitions of DT, the diversity is much
larger and SD exceeds 30% for DTtng (Table 1). Nevertheless, all def-
initions of DT except DThh give the close mean values.

Thus, the influence of the shape of multi-peak DMC is minimal
for Tint(GC), DTint(GC), and DTr (GC). Although RMSEA[T0.5(GC)] is
20 times larger than RMSEA[(Tint(GC)], its value (as well as devia-
tion from Texpr) does not exceed experimental error (Table 1).



Table 1
Root mean square errors of approximation for Tm(GC), Tm(rb), DT(GC), and DT(rb).

Type of the sequence Tm DT
T0.5 Tint Tmax DTtng DT25–75 DTint DTr DThh

GC � 0.5 RMSEA (1a) DTav ± SDb

one block 0.084 0.0039 0.38 3.1 ± 1.1 3.3 ± 0.56 3.0 ± 0.36 3.2 ± 0.36 1.76 ± 0.63
(Tm � Texpr)av ± SDc

�0.070 ± 0.0047 0.066 ± 0.096 0.62 ± 0.59

GC = 0.25–0.75 RMSEA (1a) DTav ± SDb

one block 0.083 0.0055 0.42 2.7 ± 1.0 3.0 ± 0.47 2.9 ± 0.41 3.0 ± 0.42 1.37 ± 0.70
(Tm � Texpr)av ± SDc

�0.065 ± 0.0062 0.11 ± 0.082 0.68 ± 0.44

GC = 0.25–0.75 RMSEA (1a) RMSEA (3a) –
two blocks – 0.051 – – – 0.71 (0.022d) 1.67 (0.061d) –

(Tm � Texpr)av ± SDc

– �0.041 ± 0.059 –

Chemical modifications RMSEA (1a) RMSEA (2a)
pBR322 0.26 0.030 2.6 1.74 0.66 0.29 0.26 2.01

Note: Values shown are means ± SD for DT(GC) and for the difference Tm � Texpr where Texpr = TAT + GC�(TGC � TAT). All data are given in �C.
a Degree of the polynomial approximant (1, 2, or 3) used for RMSEA calculation. The RMSEA values marked with bold type are lower than or close to experimental error.
b DTav ± SD is the mean and SD for DT.
c (Tm � Texpr)av ± SD is the mean and SD for the difference Tm(GC) � Texpr(GC).
d Ratio of RMSEA to the maximal value of DT.
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Dependences Tm(GC) and DT(GC): Simple case

To avoid influence of GC content on DMC fine structure in the
previous part of our study, Tm(GC) and DT(GC) were calculated
for very close GC values. In the current part, 45 random sequences
with 0.25 6 GC 6 0.75 were generated, and DMCs were calculated
to study the dependences Tm(GC) and DT(GC). To our surprise,
the results shown in Fig. 6 and Table 1 demonstrate general simi-
larity with the previous part. The mean differences between
Tint(GC), T0.5(GC), and Tmax(GC) and Texpr(GC) are equal to
�0.065 ± 0.0062, 0.11 ± 0.082, and 0.68 ± 0.44 �C, respectively
(Table 1). Corresponding RMSEAs are also close. As in the previous
case, deviations of T0.5(GC) and Tint(GC) from Texpr(GC) are smaller
than 0.11 �C (Table 1); that is, they do not exceed experimental
error. Thus, a strong change in fine structure of DMC does not influ-
ence the dependence of T0.5(GC) and Tint(GC).

At the same time, the mean values of DT are approximately 10%
lower than in the previous case of narrow GC range (GC � 0.5)
(Table 1). This decrease in the temperature melting range is caused
by a decrease in sequence heterogeneity as GC content deviates
from 0.5. However, in whole, DT is independent of GC for simple
random sequences that include one random block.
Fig.6. GC dependences for various definitions of the melting temperature for 45
sequences with GC content from 0.25 to 0.75 that include one random block. In the
plot, the curves Tint(GC) and Texpr(GC) = TAT + (TGC � TAT)�GC look as coinciding ones.
The difference between them is �0.065 ± 0.0062 �C. Primary points are shown for
Tmax(GC) only because the points of the dependences T0.5(GC) and Tint(GC) are very
close to Texpr(GC).
Dependences Tm(GC) and DT(GC): Complex case

For the two types of sequences described above, the distortions
found for melting temperatures measured as T0.5 and Tint are
negligible (0.1 �C) when it comes to experimental studies.
Therefore, we should analyze the suitability of these definitions
for more complex sequences and corresponding more complex
structures of DMCs when both Tm and DT are strongly dependent
on the GC content. Such a complex fine structure can be produced
by sequences that include two random regions (blocks) of mGC1 and
mGC2 base pairs that are different in GC content (GC1 < GC2). The
total average GC content (GCav) of whole sequence is calculated
using Eq. (21):

GCav ¼ ½mGC1 � GC1 þmGC2 � GC2�=Nbp ¼ NGC=Nbp: ð21Þ

The two sequences with GCav = GC1 or GCav = GC2 include only
one random block. The sequences with other GC values include
the two random blocks. In our calculations, GC1 = 0.25 and
GC2 = 0.75. Three of the DMCs calculated for GCav values 0.25
(m0.25 = 104 bp), 0.60 (m0.25 = 3000 bp), and 0.75 (m0.25 = 0 bp) are
shown in Fig. 7.

As follows from Fig. 7, the sequence that includes two blocks
demonstrates a two-component DMC, and each component
includes several narrow peaks (curve GCav = 0.6). The results of
calculation for three Tm definitions are shown in Fig. 8A as their
dependence on GCav. It is seen that only Tint (Eq. (3)) demonstrates
linear dependence on GCav and can be used for a complex multi-
peak shape of DMC. For linear approximation of Tint(GCav), the
value of RMSEA[Tint(GCav)] is equal to 0.051 �C. It is 10 times worse
than for the two types of sequences described above, but it is lower
than experimental error in Tm determination. At the same time, the
difference between Tint and Texpr cannot be determined with the
same high validity for this type of sequence (SD is comparable to
the mean of the difference [Table 1]). The parameters T0.5 and
Tmax are not suitable in this case because the function T0.5(GCav)
does not demonstrate linear behavior for two-component curves,
and Tmax(GCav) poorly reflects a change in DNA thermal stability
with GCav (Fig. 8A).

The use of Tint (Eq. (3)) solves the problem of representing Tm

dependence on the concentration of irreversibly bound large
ligands such as basic polypeptides and histones that cover long
DNA regions [31–33]. They give rise to the two-component melting



Fig.7. Three DMCs for DNAs with sequences of Nbp = 104 bp obtained with a
random number generator. The curves GCav = 0.25 and GCav = 0.75 correspond to
DNA sequences that include a single random block of 104 bp. The sequence
corresponding to curve GCav = 0.6 consists of two random blocks. For the first and
second blocks, GC1 = 0.25 (mGC1 = 3000 bp) and GC2 = 0.75 (mGC2 = 7000 bp),
respectively.

Fig.8. GC dependences for various definitions of the melting temperature (A) and
the temperature melting range (B) for the sequences that include the two random
blocks with GC = 0.25 and 0.75. For DTint and DTr, the lines show the approximation
with cubic polynomial: RMSEA(DTint) = 0.71 �C and RMSEA(DTr) = 1.67 �C. The
ratios of RMSEA to the maximal values of DTint and DTr are 0.022 and 0.061,
respectively.

Fig.9. DMCs (#0T(T)) for unmodified (rb = 0) and chemically modified DNA. The rb is
per nucleotide concentrations of randomly distributed chemical modifications that
increase the free energy of the helix–coil transition by 2.5 kcal per mole of
modification. Calculation was carried out for EcoRI-cut pBR322 DNA.
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curve because of formation of two types of blocks of different sta-
bility. Formally, their DMCs are similar to that shown in Fig. 7
(curve GCav = 0.6). However, low- and high-temperature compo-
nents correspond to free (uncovered) DNA and DNA covered with
these irreversibly bound ligands. The dependence of the melting
temperature T0.5 on ligand concentration given by Eq. (2) has a sig-
moid shape and is poorly informative (Fig. 8A). In contrast, Tint (Eq.
(3)) shows gradual linear increase with concentration the same as
with GCav in Fig. 8A.

For the temperature melting range DT, only DTint and DTr
demonstrate smoothly varying GCav dependences for both
one- and two-component helix–coil transition (Fig. 8B and
Table 1). The dependence DTint(GC) is the most smoothly varying
and well approximated with cubic polynomial
{RMSEA[DTint(GCav) = 0.71 �C}. For DTr(GCav), the smoothness is
worse {RMSEA[DTr(GCav)] = 1.6 �C}. Thus, in the case of complex
shape of DMC, when multi-peak fine structure appears at back-
ground of two-component transition, the use of DTint is more
appropriate than DTr, although they are equivalent in all cases
that were described above and are reported below. It would
seem that the obtained RMSEAs are too high. However, the DT
values are also high in the case of the two-component transition,
and the ratios of the RMSEAs to the maximal values of DTint and
DTr are not large at 0.022 and 0.061, respectively.
Modeling of melting parameters for chemically modified DNA

A similar problem of correct determination of the melting tem-
perature and temperature melting range arises in thermodynamic
studies of DNAs chemically modified with antitumor platinum
compounds [34] that strongly change the fine structure of DMC
[1–4,8] and other DNA binders [35,36].

As in the previous case, computer modeling allows us to test the
suitability of different definitions of the melting parameters for
DNA that includes chemical modifications. We have considered
the dependences of Tm and DT on relative per nucleotide concen-
tration (rb) of chemical modifications randomly distributed along
DNA with a given primary structure.

For the modeling of impact of chemical modifications on DNA
melting, the sequence of the EcoRI-cut pBR322 plasmid DNA was
used. It was supposed that a chemical modification increases the
free energy of the helix–coil transition by 2.5 kcal per mole of mod-
ifications. The calculated DMCs are shown in Fig. 9. It is seen that
an increase in the melting temperature and in the temperature
melting range with rb is accompanied by a strong change in the fine
multi-peak structure of the pBR322 DMC. As follows from Fig. 10A
and Table 1, Tint(rb) demonstrates the most smoothly varying
dependence with the minimal RMSEA (0.03 �C). The RMSEA of
T0.5(rb) is nearly 10 times higher, but it is not larger than usual
experimental errors. Therefore, T0.5 can also be used to study the
influence of various chemical modifications on DNA thermal stabil-
ity [37].

Using Eq. (19), we have calculated the values of the RMSEA for
the quadratic approximation of DT0(rb). The results of calculation
for the temperature melting range of chemically modified EcoRI-
cut pBR322 are shown in Fig. 10B and Table 1. As for other cases,
the dependences DTint(rb) and DTr(rb) are the most smoothly vary-
ing, and their RMSEAs are minimal and comparable to experimen-
tal errors.



Fig.10. Dependence of the melting temperature Tm(rb) (A) and the temperature
melting range DT(rb) (B) on the per nucleotide concentration of randomly
distributed chemical modifications that increase the free energy of the helix–coil
transition by 2.5 kcal per mole of modifications. The curves Tint(rb) (Eq. (3)), DTint(rb)
(Eq. (18)), and DTr(rb) (Eq. (17)) are the most smoothly varying and monotonic
relative to other definitions of Tm(rb) and DT(rb). Calculation was carried out for
EcoRI-cut pBR322 DNA.
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Conclusion

This study was carried out to check a viewpoint that the melting
temperature and temperature melting range cannot be properly
calculated for multi-peak differential melting curves. Here, we ana-
lyzed various definitions of those parameters and studied their
dependences on the factors that also influence fine structure of
DMC: varying GC content, [Na+], and the relative per nucleotide
concentration of chemical modifications (rb). It was shown that
the average temperature of the helix–coil transition or rather the
temperature mean of DMC (Tint) and the average absolute devia-
tion from this temperature (DTint) are the best for various studies.
They are the least sensitive to a change in fine structure of DMC
and always give reasonable smoothly varying dependences on
varying rb, [Na+], and GC. Besides, Tint value is the closest to the
thermodynamic melting temperature Ttherm, which is the ratio of
the helix–coil transition enthalpy and entropy. The melting tem-
perature calculated as a temperature corresponding to the half of
melted base pairs T0.5 as well as the temperature melting range
DTr defined as the temperature standard deviation of DMC multi-
plied by

ffiffiffiffiffiffiffi
2p
p

can also be used in the majority of cases. The distor-
tion of T0.5 caused by changes in DMC fine structure is usually less
than 0.3 �C for all considered cases except two-component DMCs.
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