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The differential scanning calorimetry (DSC) is more sensitive than UV absorption
spectrophotometry as a tool for the measurement of DNA melting curves. The advantage of DSC
is a direct determination of differential melting curves (DMC) obtained without numerical
differentiation. However, the difference between the helix-coil transition enthalpies of AT and GC
base pairs can cause distortions in the shape of melting curve. Up to date, the errors caused by
those distortions were not evaluated. In this study, a simple procedure of recalculation of a
calorimetric DMC into a real DMC is developed. It demonstrates that the "real" melting curve and
differential melting curve deviate very slightly from the same two curves calculated from DSC
data. The melting temperature and the temperature melting range are usually the same even if the
difference in the enthalpies is several times higher than a real one.

Differential scanning calorimetry — high-resolution melting profiles — DNA plasmids —
calf thymus DNA
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W3mepenne kpuBbix miasineHns JJTHK meronom nuddepeHmanbsHoi ckaHUPYROIeH Kato-
pumetpun (JJCK) siBnsiercss 6onee TOYHBIM, 4eM TPH HCHONb30BaHuu Y D-criekrpodoToMerpun.
Ipeumymectsom JICK sBisiercs npsmoe onpeneneHue qupGepeHInanbHbIX KPUBBIX MUIaBICHHS
(JKIT), monyuyaembix 6e3 umciennoro auddeperunposanus. Tem He MeHee, pa3HHUIIA B YHTAIb-
musix AT u I'll-niap ocHOBaHMI MOXET BBI3BAaTh UCKaKCHUS B JopMe KpUBOH 1uiaBieHus. Jlo Hac-
TOSILETO BPEMEHH BEJIMYMHBI OIIMOKH, BEI3BAHHOHN 3TUM pa3Iu4ueM, He ObLIO ONpeeseHo.

B at0i1 pabote npemaraercst mpocTas npoieaypa nepecuera kanopumerpudeckux IKII B
"ucrurnere" JIKII. Ee npuMeHeHre oka3aio, 4To "HCTUHHASA'" KpHUBas IUIaBIeHUS U JudhepeH-
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[UajJbHAs KPHUBas IUIABJICHHUS HE3HAYUTEIHHO OTIMYAIOTCS OT aHAJOTMYHBIX KPUBBIX, PaCCUUTAH-
HbIX 110 JanHbeM JICK.

Ilocnennee crnpaBemnMBO IS TEMIIEPATYpPhl IUIABICHUS M TEMIEPATYypHOIO HWHTEpBaia
IUTaBIICHHS JaXKe B CiIydae, eciu pazHuma B dHTanbmud AT u ['L[-map B HECKOIBKO pa3 BEIIIE €
peaJlbHON BEJIMYHHBL.

Huppepenyuanvran ckanupyowas Kaiopumempus — npo@uil NiaeneHus bicoKo20-
paspewenus — naasmuonasn JHK — JJHK mumyca menenka

The differential scanning calorimetry (DSC) gives more accurate melting profiles
than UV absorption spectrophotometry as a tool for the measurement of DNA melting. The
advantage of DSC is a direct determination of differential melting curves (DMC) obtained
from thermograms without numerical differentiation. However, there is a widely spread
opinion that calorimetry has shortcomings that hinder exact determination of the melting
curve, differential melting curve (DMC), melting temperature and temperature melting
range. The most important of them is the difference between the helix coil-transition
enthalpies of AT and GC base pairs. Because of lower enthalpy of AT base pairs, the low
temperature part of calorimetric DMC that corresponds to melting of AT-rich regions is
lower than real DMC that is the first temperature derivative of the fraction of melted base
pairs (fig. 1A and 2). The high temperature part corresponding to melting of GC-rich
regions is located above the real DMC. The calorimetric melting curve is shifted towards
higher temperature (fig. 1B). At the same time, there is no exact evaluation of the distortion
value caused by this effect.
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Fig. 1 A) Calorimetric differential melting curve (DMC) simulated with the Gaussian function characterized with
the temperature melting interval A7=15°C and the results of its recalculation into the real DMC for
H,r= 8500 cal/(mol bp), Hsc=12500 cal/(mol bp). B) Calorimetric and real melting curves, which correspond with
the differential melting curves depicted in fig. 1A.

As the differential scanning calorimetry, the UV registration of DNA absorption
also does not directly measure the fraction of melted base pairs, and various methods are
required to escape experimental errors [1-3]. However, the contribution to the total change
of absorbance is approximately the same for AT and GC base pairs at A=270 nm [1, 2].
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Fig. 2 Calorimetric DMC for calf thymus DNA and results of its recalculation into the real DMC for
H,7=8500 cal/(mol bp), Hs=12500 cal/(mol bp).

In this study, a simple procedure of recalculation of a calorimetric DMC into a
"real" DMC is proposed. Its use demonstrates that the method of differential scanning
calorimetry causes negligible error in the determination of the melting curve, differential
melting curve (DMC), melting temperature and temperature melting range.

Materials and methods. Ultra pure calf thymus DNA was used (protein<0.1%,
RNA<0.1%, molecular mass ~30 MDa). The properties of this DNA have been previously des-
cribed [6]. High-resolution melting profiles were obtained using a model of differential scanning
microcalorimeter DASM 4 (Biopribor, Russia) with a cell volume 0,5 ml. In the DSC experiments,
we followed standard procedures [9]. The melting was carried in 0,1 M NaCl, 5 mM Na,COs,
0,05 mM EDTA, pH 7.

In this study, the first derivative of the temperature dependence of the fraction of melted
base pairs is called a "real differential melting curve" (3'7(7)) to distinguish it from the calorimet-
ric differential melting curve (8'.{7)) obtained from thermograms by subtraction of buffer baseli-
ne, sample baseline and normalization. The calorimetric melting curve 3.(7) is calculated by integ-
ration of the calorimetric differential melting curve 9'.#(7), i.e., it is the temperature dependence of
heat absorption normalized to the total heat absorption caused by the DNA helix-coil transition.
Both calorimetric dependences can be expressed through the additional heat capacity caused by the
helix-coil transition (AC,(7)):

Te
QVU):ACATVJACAOW (1),

Ts

T T Te ~
&UU:IQAOW:IM%@&/JM%mw:HUUM{(D

Ts Ts Ts

where T and 7, are the start and end of the temperature interval of the DNA helix-coil

transition, H(7T) is the heat absorption at a given temperature and H is the total heat absorption
caused by the DNA helix-coil transition that is equal to its enthalpy.

Real melting temperature (7,,) and calorimetric melting temperature (7,,.) correspond to
the half of melted base pairs and to the half of additional heat absorption caused by the helix-coil
transition, respectively. The temperature melting range for both cases (A47=1/9'(T,) and
AT =1/9'.(T,)) were determined as the inverse of the real or calorimetric DMC at melting
temperature.
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The study was carried out for calf thymus DNA, EcoRI-cut pBR322 DNA, and two
calorimetric DMC curves simulated with the Gaussian function. The latter curves correspond to
low and high DNA heterogeneity with the temperature melting range AT=3 or 15°C, respectively.
The two values of the difference in enthalpies of GC and AT base pairs were considered: 1.1 and
4 kcal per mole of base pairs. The first value is used in different studies [10], and is closer to the
experiment carried out for natural DNAs of various GC content [5]. The second difference occurs
between enthalpies of the most [GC (CG)] and the least [TA (AT)] stable duplets of the nearest
neighbors of base pairs [1]. It is the highest possible limit of the enthalpy difference.

The set of the thermodynamic parameters corresponding to the low (1.1 kcal) enthalpy
difference is the following: 7,;=65,2°C, T5=107,8°C, H,;=8.4 kcal/(mol bp), H;=9.5 kcal/(mol
bp), S7=S5=24.8 cal/(mol bp-K™") [10]. It corresponds to case of entropies that are equal for AT
and GC base pairs. The second set was used as an illustration of the extreme case of a very high
difference in enthalpies (4 kcal/(mol bp)): 7,7=65,2°C, T5=107,8°C, H 7= 8,5 kcal/(mol bp),
Hgc=12,5 keal/(mol bp), S,7=25,12 cal/(mol-bp-K™"), S5c=32.81 cal/(mol bp-K™").

For EcoRI-cut pBR322 DNA, the Poland-Fixman-Freire approach [8, 9] was used for
direct calculation of real and calorimetric DMC for both sets of parameters. Then the method of
recalculation developed in this study was applied to obtain a real DMC from a calorimetric one.
Both approaches give very close real melting curves.

Results and Discussion.

Calculation of real melting curve from calorimetric melting curve.

Let the temperature 7; correspond to the melting out of the DNA regions with the
average GC composition x;. At that temperature, the majority of regions with x<x; are
almost fully melted. If x>x,, the regions are almost fully helical. It is obvious that

x1= (T-Tan)(Toc - Tar) (3)

The average per base pair enthalpy for those regions (H,(7})) is given by Eq.(4):
H(T)y=(1-x))-Hyr + xrHoe = Hyr + xp(Hoc-Har) “)
H(T)) can be represented in the following way:
T, -T
H(T)=Hyr+ AT (Hgc-Har) (5)
Toc —Tar

Using H/(T}), one can obtain the heat absorption at a given temperature (H(7)) and
the total heat absorption (average enthalpy) caused by the DNA helix-coil transition

(E ), and then calculate calorimetric melting curve as 3.(7)= H(T)/ H . Let us represent
Eq.(5) in the following way:

H(T)=A+ BT, (6)
where

A=(Toc-Har-TyrHee) | (Tee -Tar) @)

B=(Hsc-Har) ! (Toc -Tar) ®

Then the additional heat absorption that is caused by partial helix-coil transition
under heating to temperature 7 is given by Eq.(9):

T T
H(T):IH,(t).g,'(z).dtzA-S(T)+B.jt.9;(t).dt ©9)
Ts Ts
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If T>T, (i.e., for full DNA melting), H(T) is equal to the average per base pair
enthalpy ( H ):
H=H(T,)= A+ BT (10)
where

Te
T=J‘tq9;(t)'dt (11)
Ts
The calorimetric melting curve, which is the temperature dependence of the frac-
tion of heat absorption caused by the helix-coil transition, can be represented in the fol-
lowing way:

_ T _
8.(T)=H(T)/H=[A-3T)+B- [t-3:;()-dt]/(A+ BT) (12)
Ts
Differentiating Eq.(12), calorimetric DMC can be expressed in terms of real DMC

(Bq.(13)):
9¢p(T)=[(A+B-T)/(A+BT)]-97(T) (13)

For our study, it is more required to obtain an expression for real DMC (8'/(7)) in
terms of calorimetric DMC (8')cr(7)):

87(T)=[(A+B-T)/(A+B-T)]- 8o p(T)] (14)

The expression for 9'A7) includes T that can be found from experimental
function 9'.(7) by the following transformation of Eq.(14):

8, (T)/(A+B-T)=97(T)(A+B-T) (15

Then both parts are integrated with respect to 7 between 7 to T,. As a result, one
obtains Eq.(16) for T:
T=(C"'-4)/B (16)
where A and B are given by Egs. (7),(8) and

Te
C= j[SCt(t)/(A+B~t)]-dt 17)
Ts
Thus, Egs.(14), (16), (17) give $'A(T) in terms of §'. (7).

Results of calculation. As follows from Eq. (14), calorimetric DMC is located

lower than real DMC at T < T and higher at 7 > T . It is well seen from fig. 1A and 2. It
is also obvious that a stronger difference of a calorimetric melting curve from the corres-
ponding real melting curve occurs for a larger temperature melting range.

Recalculation of experimental calorimetric curve $.(7) into a real one $'H7)
using Eqgs.(14), (16), (17) was carried out for experimental DSC curve of calf thymus
DNA and DSC curves simulated with the Gaussian function. Additionally, the same
expressions were used for recalculation of calorimetric melting curve computed for of
EcoRI-cut pBR322 DNA into a real one. The melting temperature and temperature
melting range were also determined for all types of curves.
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If the difference in enthalpy is equal to the value obtained for DNA with different
GC content [5, 10], i.e., ~1 kcal per mole of base pairs, then the calorimetric curves
(4., ¥.7) and real curves (9, 9'7) are very close in all considered cases (results of calcu-
lation are not shown). The difference in melting temperature and melting range for two
types of curves also does not exceed 0.1°C. Unfortunately, the exact dependence of en-
thalpy on GC content, similar to that was obtained for melting temperature [1], has not
been determined directly. Therefore we have done computation for a possible highest
difference between enthalpies of AT and GC base pairs. Calorimetric melting studies of
the heteropolymeric  poly[d(AT)]-poly[d(AT)], poly[d(AC)]-poly[d(GT)], and
poly[d(GC)]-poly[d(GC)] duplexes and the homopolymeric poly[d(A)]-poly[d(T)]
duplex demonstrate that the maximal difference in enthalpies of AT and GC base pairs
can not be higher 4 kcal per mole of base pairs [3]. The same difference occurs for
enthalpies of the most GC (CG) and least TA (AT) stable nearest neighbors of base pairs
[1]. However, the maximal difference between all other nearest neighbors is reliably less
than 2 kcal per mole of base pairs [1], and the last value also exceeds the upper limit of
the average difference between GC and AT-base pairs.

Our calculation demonstrates that the calorimetric and real curves are also very
close for EcoRI-cut pPBR322 DNA and for the Gaussian curve with AT=3°C even in the
case of these high 4 kcal difference (the results are not shown). As follows from these
results and Eq.(13), high deviation between real and calorimetric melting curves can take
place only when both the temperature melting range and the difference in the enthalpy of
AT and GC base pairs are high. Therefore the difference between calorimetric and real
curves (fig. 1 and 2) is seen only for the calorimetric DMC curve simulated with the
Gaussian function characterized with a large temperature melting range (AT=15°C, fig. 1)
and for DNA from calf thymus (AT=10.6°C, fig. 2). Because of lower enthalpy of AT
base pairs, the low temperature part of calorimetric DMC that corresponds to melting of
AT-rich regions is lower than real DMC (fig. 1A and 2). The high temperature part
corresponding to melting of GC-rich regions is located above the real DMC. As follows
from the fig. 1B, calorimetric melting curve is always shifted towards higher temperatu-
res. However, the difference in melting temperature is less than 0.3°C. The difference in
the temperature melting range measured for calorimetric and real melting curves is less
than 0.05°C. However, it should be pointed that the real difference in enthalpies is 2-4 ti-
mes less then the value of 4 kcal taken for demonstration of the enthalpy effect. The ave-
rage value 1.1 kcal is rather closer to the real difference [5, 10] than the extreme case of
4 kcal difference. Therefore, a deviation of calorimetric curves from real ones is much
lower than that demonstrated in the fig. 1 and 2.

Thus, the results of our work demonstrate that melting curve calculated as a
relative heat absorbance caused by DNA helix-coil transition $.(7) is very close to the
fraction of melted base pairs 4(7) and can be used without any recalculation. The close-
ness of the differential melting curves, melting temperatures and temperature melting
ranges is also demonstrated.
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