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Abstract 

Thermal transitions of pBR322 closed circular (cc), open circular (oc) and linear (1) 
DNAs have been measured by calorimetry. Six or eight peaks were observed for 1 and oc 
DNAs in 0.1X SSC and 1X SSC buffer solutions in the temperature ranges 67-84°C and 
82-97°C respectively, while ccDNA showed one broad peak at 103°C. Thermal revers- 
ibility was excellent for 1DNA and good for ocDNA but the DSC curve of ccDNA at the 
consequent second heating was quite different from that of the first run. The morphologi- 
cal changes induced by heating cc and ocDNAs have been examined by electrophoresis of 
the preheated samples. ccDNA which was heated above 75°C was found to be converted 
partly to ocDNA, the amount of ocDNA increasing with increasing temperature. The DSC 
curve of 1DNA in 0.1X SSC has been deconvoluted to a 24-state transition, and 
thermodynamic functions for the multistep transitions have been estimated; the results are 
discussed in comparison with its theoretical melting curve and its genetic map. 

INTRODUCTION 

The morphological change from supercoiled plasmid pBR322 DNA 
(ccDNA) to open circular DNA (ocDNA) has been found to occur with the 
strand scission of ccDNA by the reaction of a chemical reagent such as 
ozone [l, 21 and by mung bean nuclease [3]. The position of cleavage has 
been discussed in relation to the regional AT-content and loop structure of 
ccDNA [l, 21. The supercoiled plasmid ccDNA, in which the double- 
stranded helical DNA is twisted, is found to be more stable against heat or 
degradation by ultraviolet light than linear DNA (IDNA) and ocDNA 
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[4,5]. In order to elucidate further the effect of heating on these 
morphologically different forms of DNA, it is necessary to measure 
precisely by microcalorimetry their their thermodynamic properties, such 
as thermal transition temperature, enthalpy and reversibility, using highly 
purified samples of cc, oc and 1DNA. 

The blockwise and co-operative multistep thermal transition of double- 
stranded linear DNA from helix to coil has been studied by spectroscopic 
and microscopic methods and the algorithms for the calculation of the 
melting profile have been investigated [6-151. Recently, Maeda et al. 
reported the multistep melting fine structure of linear plasmid pJL3-TBS, 
its derivatives [16-181 and ColEl plasmid DNA [19] by calorimetry. The 
correlations between thermal melting profiles of DNAs and their biological 
functions have been statistically examined [7, 11-14, 19, 201. Although the 
thermodynamic properties of the thermal transition for each of these steps 
are indispensable for a quantitative understanding of the helical fine 
structure of DNAs, the precise deconvolution analysis of direct thermo- 
dynamic measurements has not yet been carried out. 

In this paper, we report the thermal transition of pBR322 cc. oc and 
1DNAs obtained from Escherichia coli HBlOl measured by adiabatic 
differential scanning calorimetry (DSC) and electrophoresis. The difference 
in the thermal transitions of these three forms of DNA has been clarified. 
The experimental calorimetric melting curve for 1DNA has been deconvol- 
uted and thermodynamic functions for the multistep transitions are 
calculated. The results are discussed in comparison with its theoretical 
melting curve, its genetic map and the base pair positions which correspond 
to the weakest regions of ccDNA against cleavage by ozone. 

EXPERIMENTAL 

Materials and preparation of plasmid pBR322 DNAs 

Mung bean nuclease and restriction endonuclease EcoRI were purch- 
ased from Tanaka Shuzo Co. Agarose for gel electrophoresis was obtained 
from Sigma Chemical Co. and TOYOPEARL HW-75s gel from Toyo Soda 
Manufacturing Co. Ltd. The plasmid was prepared from Escherichia coli 
strain HBlOl transformant harboring plasmid pBR322 DNA according to a 
reported procedure of Norgard [21]. For the purification of ccDNA, the 
plasmid was subjected to gel chromatography using TOYOPEARL 
HW-75s as previously reported [22]. In order to obtain ocDNA with the 
least number of nicks, we modified the conditions for hydrolysis of ccDNA 
proposed by Kowalski [3] as follows: 500 g of pure ccDNA was dissolved 
in 0.5 ml of 10 mM Tris-HCl buffer (pH 7.5). After preincubation for 15 min 
at 47”C, a 138U aliquot of mung bean nuclease was added and kept at 47°C 
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for 30min. The ocDNA produced was purified as usual. 1DNA was 
prepared by digestion of pure ccDNA with restriction endonuclease EcoRI 
and purified. The purity of both ocDNA and 1DNA was confirmed by gel 
electrophoresis. Ethanol-NaCl solutions which contained 0.9 mg portions 
of DNA were stored in microtubes at -30°C. 

Difierential scanning calorimetry and deconvolution of the DSC data 

1X SSC and 0.1X SSC buffer solutions (SSC is 0.15 M NaCl, 0.015 M 
sodium citrate, pH7.0) were used for the measurement of thermal 
transition of DNAs by DSC and electrophoresis. DNAs were recovered 
from ethanol-NaCl solutions by centrifugation, dried and dissolved in 
sterilized SSC buffer solutions. All the vessels, pipettes and calorimetric 
cells used were sterilized. The concentration of DNAs for calorimetry was 
0.67 mg ml-‘. The calorimetric measurements were made on a differential 
scanning microcalorimeter DASM-1M [23] at a heating rate of 0.5”C min’ 
under an excess pressure of 1.1 bar in calorimeter cells. The DSC data were 
acquired every 2s using a PC9801 personal computer [24]. For sufficient 
cooling of the solutions in calorimeter cells, the usual time interval between 
the end of a DSC run and the beginning of the next reheating run was about 
100 min. 

The thermal transition curve of 1DNA in 0.1X SSC buffer solution was 
analyzed by the deconvolution based on previously reported method 
[25,26]. In analysis it was assumed that the double stranded DNA helix is 
dissociated into two DNA molecules at the final thermal transition step, 
and that at the DNA concentrations of our experiments, the heat capacity 
difference of DNA between native and thermally denatured states is zero. 
Using about 540 data points, the initial parameter set was obtained by the 
single and double deconvolution methods on an NEC 9801 microcomputer 
and was further adjusted by a non-linear least squares fitting method [26] 
using the program SALS [27] on a FACOM M780 computer. The enthalpy 
change of each transition is estimated as the difference from the enthalpy of 
the consequent former state. 

Examination of heat-treated DNAs by electrophoresis 

To examine the changes of ccDNA and ocDNA by heating, the 
microtubes containing 40 ~1 of DNA solution of 0.1 X SSC buffer solution 
(0.25 g pill) were tightly plugged and heated to various temperatures in an 
incubator at a heating rate of 1°C min-‘. Microtubes which were taken from 
the incubator were slowly cooled and kept at 4°C. These DNAs were 
precipitated by ethanol-NaCl, stored at -30°C and were recovered by 
centrifugation before use as described above. The DNA was subjected to 
1% agarose gel electrophoresis [22]. 
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Calculation of theoretical melting profiles, denaturation maps and 
thermal stability maps 

7-18 

The theoretical calculations for 1DNA in 0.1X SSC buffer solution was 
made using the nucleotide sequence of pBR322 (4362 base pairs). 
Theoretical melting curves and denaturation maps were calculated accord- 
ing to the algorithms for the “base-pair model” by Poland [28] and Fixman 
and Freire [29]. 

For the calculation of the melting in 0.1X SSC buffer solution, the 
following parameters [30] were used: TAT = _53.1”C, TGc = 94.1”C and 
AS = -24.54 e.u., where z is the temperature of helix-to-coil transition for 
base-pair i, and AS is the entropy decrease in pairing per base pair. The 
values of TAT for the Dam site in which adenine in the sequence GATC is 
methylated was assumed to be lower than 53.1”C. The helix-to-coil stability 
factor r, for the ith base-pair is 

r, = exp{-(AH, - TAS)/RT} 

The values for the loop entropy factor u,, and concentration dependency 
factor, PC, [30,31], are u, = 6 X 10p6(n + 450)-1.75 and PC, = 1 X lo-‘, 
where n denotes the numbers of unbonded base pairs included in an 
internal loop. The theoretical melting profile and the thermal stability map 
were calculated using the computer program kindly supplied by Suyama 

WI * 
RESULTS AND DISCUSSION 

Thermal transition of 1, oc and CCDNA 

DSC curves for the thermal transition of 1DNA and ocDNA in 0.1 X 
and 1X SSC buffer solutions are shown in Figs. 1 and 2, respectively. 

ssc 
The 

60 70 80 90 
Temperature in “C 

Fig. 1. Heat capacity curves of IDNA in 0.1~ SSC (curve a) and 1X SSC (curve b) buffer 
solutions. Solid and dotted lines denote first and second runs, respectively. 
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Fig. 2. Heat capacity curves of ocDNA in 0.1X SSC (curve a) and 1X SSC (curve b) buffer 
solutions. Solid and dotted lines denote first and second runs, respectively. 

solid curves are the transition curves for the first run and dotted curves 
denote the transition at the second heating. Six or seven peaks with 
shoulders are observed for 1 and ocDNAs, respectively. The transitions of 
both 1 and ocDNAs in 0.1 and 1X SSC buffer solutions are observed in the 
temperature ranges 67-84°C and 82-97”C, respectively. The melting 
temperatures of these peaks in 1X SSC solution are 13-15°C higher than 
those in 0.1X SSC buffer solution, which shows that increase in ionic 
strength stabilizes DNAs in accordance with the results of Perelroyzen et al. 
[33] and Wada and Suyama [14]. The shapes of the three peaks at higher 
temperature for 1DNA and ocDNA resemble each other. The difference in 
the shape of DSC curves at lower temperature between ocDNA and 1DNA 
seems to be due to the ring structure of ocDNA. 

The agreement of the curves for the first and second runs indicates that 
the reversibility of the thermal transition of 1DNA in both buffer solutions 
is excellent and that of ocDNA is good. To examine the effect of heating on 
DSC curves of ocDNA for the first and second runs, gel electrophoresis 
measurements were made on heat-treated ocDNA in 0.1X SSC buffer 
solutions, and the results are shown in Fig. 3. ocDNA was not changed up 
to 75”C, but at temperatures higher than 85°C a small amount of 1DNA and 
faint smear bands appeared. The heat induced breakage of ocDNA does 
not affect the DSC curve in the first run, as the thermal denaturation of 
ocDNA in 0.1X SSC buffer solution is completed at 84°C. The effect of 
brekage, however, seems to cause a small difference in the second run of 
ocDNA in the DSC measurements. The highest DSC peak for the second 
run of ocDNA in 0.1X SSC buffer solution closely resembles that of the 
corresponding highest peak of lDNA, supporting the electrophoresis 
results. The good reversibility of the thermal denaturation of ocDNA in 
IX SSC buffer solution was supported by the results of gel electrophoresis 
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Fig. 3. The effect of heat treatment on ocDNA in 0.1X SSC buffer solutions. Samples of 
ocDNA solutions were heated at a rate of 1” min-’ up to various temperatures: 1, untreated; 
2, 55°C; 3, 65°C; 4,75”C; 5, 85°C; 6, 88°C; 7, 91°C; 8, 94°C; 9, 97°C. 

which show that ocDNA does not change upon heating up to 97°C (data not 
shown). As it is difficult to calculate the energy of distortion of the DNA 
chain in ocDNA, further precise analysis of the thermal transition for 
ocDNA was not made, but the DSC curves show that fine transitional 
structure in ocDNA is not greatly different from that of IDNA. 

The thermai transition of ccDNA in 0.1X SSC buffer solutions was 
measured repeatedly and the results are shown in Fig. 4. In the first run, one 
broad peak with maximum heat capacity at 103°C was observed. As shown 
in the figure, the DSC curve for the second run is quite different from that 
of the first, but is in accord with the pattern of ocDNA. To confirm the 
appearance of ocDNA upon heat treatment of ccDNA, heat-treated 
ccDNA in 0.1X SSC buffer solution was examined by electrophoresis. 

1 I 6 ---r--- 

I 1 J K“ g-’ 
/f--y 

I * t - 
40 50 60 70 80 90 100 

Temperature in “C 

Fig. 4. Heat capacity curves of ccDNA in 0.1X SSC buffer solution obtained by repeated 
calorimetric scan. Curves a, b, c, d and e denote DSC curve at lst, 2nd, 3rd, 5th and 7th run, 
respectively. 
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Fig. 5. The effect of heat treatment on the morphological change of ccDNA in 0.1X SSC 
buffer solutions. ccDNA solutions were heated at a heating rate of 1°C min-’ up to various 
temperatures: 1, untreated; 2, 65°C; 3, 75°C; 4, 85°C; 5, 90°C; 6, 94°C; 7, 96°C; 8, 98°C. 

Figure 5 shows that a small amount of ocDNA appeared at 75”C, and above 
85°C the amount of ocDNA increased gradually with increase in tempera- 
ture. In the DSC curve for the first run of ccDNA, the small peaks around 
80°C are considered to be due to the small amount of ocDNA produced by 
heating ccDNA. Above WC, even if ocDNA is present, it is already in the 
denatured satate as shown in Fig. 2 and cannot affect the heat capacity 
curve; consequently, the broad peak at 103°C is considered to be due to 
gradual scission followed by denaturation of the remaining small amount of 
ccDNA. 

After the repeated heat treatment of ccDNA, although the transition 
temperature range is not changed, the clear peaks in the second run became 
obscure, and the DSC curve at the seventh run shows a very broad peak. 
The electrophoretic pattern for ccDNA recovered from a calorimetry cell 
after repeating the DSC measurements in 0.1X SSC buffer solution seven 
times showed broad bands of DNAs with smaller molecular weight than 
that of the initial ccDNA. The disappearance of the fine structural melting 
pattern after repeated runs, as shown in Fig. 4, is caused by the degradation 
of ocDNA which was observed at the second run. 

The DSC curves of 1 and ocDNA (Figs. 1 and 2, respectively) show that 
the heat capacities of the native and denatured states for these DNAs are 
almost equal. That is, the heat capacity increase on denaturation AC,, 
which is usually observed in the case of thermal transition of proteins [34], 
is zero. To estimate the total enthalpy change of three types of DNA, the 
heat capacity curves of 1 and ocDNA in 0.1X SSC buffer solutions were 
integrated on the basis of heat capacities of the native states, and the values 
of 141 and 193 MJ mol-‘, respectively, were obtained. In the case of 
ccDNA, the heat capacity curve does not return to the baseline even at the 
highest temperature of 105°C which is measurable with the DASM-1M 
differential scanning microcalorimeter. Consequently, the precise value of 
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the enthalpy change cannot be obtained, but extrapolating the DSC curve 
at the native state and the DSC melting curve give a value between 200 and 
220 MJ mall’. The enthalpy change for 1DNA corresponds to the transition 
of the double helix to two monomeric random DNA molecules. The larger 
values of enthalpy change for oc and ccDNA compared with 1DNA having 
the same base pair sequence are considered to be due to the energy of 
restriction of supercoiled forms and also the scission of main chains in the 
case of ocDNA and especially of ccDNA. 

Deconvolution of DSC curves for ZDNA and comparison with data 
obtained by UV measurements 

The dotted line in Fig. 6(a) denotes the thinned out experimental molar 
heat capacity data (first run, total 550 points) of 1DNA in 0.1X SSC buffer 
solution. The DSC curve which has six peaks with shoulders clearly 
demonstrates that the thermal transition of 1DNA is a multistate transition. 
In order to clarify further whether the observed six peaks are due to 
two-state transitions or not, the DSC curve was analyzed by the single and 
double deconvolution methods [26]. The results shows that these peaks can 
be decomposed into 23 transitions, which means that each peak observed 
in a DSC curve is composed of between three and six transitions. The 
obtained parameter set adjusted by the non-linear least squares method is 

70 75 80 
Temperature In “C 

65 70 75 80 
Temperature in “C 

Fig. 6. Thermal transition curves of pBR322 plasmid 1DNA in 0.1X SSC buffer solutions: 
(a) dotted and solid lines denotes experimental and calculated heat capacity curves, 
respectively; (b) differential profiles of melting obtained from UV measurement at 260 nm at 
a heating rate of 0.2”C mini’ (data from Suyama [36]). 
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TABLE 1 

Transition temperature and enthalpies for 24-state transition of plasmid pBR322 1DNA in a 

0.1X SSC buffer solution 

No. Temperature/“C Enthalpy/kJ mol-’ 

1 68.81 f 0.02 
2 69.97 f 0.03 
3 70.32 f 0.02 
4 71.28 * 0.03 
5 72.72 f 0.04 
6 73.63 f 0.01 
7 74.55 f 0.03 
8 75.30 f 0.01 
9 75.84 f 0.01 

10 76.37 zt 0.01 
11 77.02 f 0.004 
12 77.3s f 0.01 
13 77.78 f 0.01 
14 78.72 f 0.01 

15 79.16 f 0.004 
16 79.44 f 0.004 
17 79.81 +z 0.01 
18 80.59 f 0.01 
19 81.24 + 0.01 
20 81.58 f 0.004 
21 81.90 f 0.01 
22 82.29 f 0.01 
23 82.68 f 0.01 

3353 f 70 
3890 f 130 
4630 f 130 
3524 f 70 
3030 f 72 
5395 f 63 
3764 f 69 
5707 f 63 
6755 f 59 
5880 f 58 
7895 f 73 
7391 f 69 
5774 f 72 
5219 f 71 
8851 f 76 
8997 f 75 
6205 f 74 
5329 f 59 
7235 f 72 
9175 f 74 
8466+74 
7087 f 77 
7704 f 99 

shown in Table 1. The solid line in Fig. 6(a) denotes the calculated heat 
capacity curve based on these parameters, with the residual mean square 
deviation between calculated and experimental heat capacity of 
0.5 MJ K-l mol-‘. Although there is no other method to confirm whether or 
not the thermal transition of 1DNA is exactly a 23-state transition (because 
there is no other method by which such multistate transitions can be 
energetically analyzed) the calorimetric data is excellently fitted by 
thermodynamic functions with 23 transitions. 

In Table 1, transitions numbered l-4, 5-7, 8-10, 11-13, 14-17 and 
18-23 corresponds, respectively, to peaks l-6 in Fig. 6. The average 
enthalpy values for the transitions which are included in these six peaks are 
3850, 4060, 6110, 7020, 7320 and 7500 kJ mol-‘, respectively. Generally 
speaking, the cooperative melting regions at higher temperature melt with 
higher enthalpy change. 

The thermal melting curve calculated from the UV measurements of 
pBR322 plasmid 1DNA by Suyama [36] is shown in Fig. 6(b), which is 
similar to but a little different from that measured by Perelroyzen et al. 
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[33]. Figure 6 strongly demonstrates that the agreement of the shape of the 
melting curve between DSC and UV measurements is excellent. The fact 
that the denaturation temperature observed by UV measurement is lower 
than that observed by DSC by about 4°C may be caused by the difference of 
the concentration of lDNA, that is, by the difference in ionic strength in 
these measurements. 

Theoretical melting curves, thermal stability map and relation to 
biological functions of 1DNA 

To correlate the thermodynamic data with the base number, the 
theoretical melting curve of IDNA, which is the differential of the decrease 
in the native fraction, was calculated by Suyama and Wada’s program [32] 
using the nucleotide sequence data of pBR322, and is plotted against 
temperature in Fig. 7(a). The melting curves with various TAT values for 

0, -. , .-, I , 
65 70 75 80 

Temperature In “C 

Fig. 7. A thermal stability map (a) and a calculated melting profile with a gene map (b) for 
pBR322 plasmid IDNA. Straight arrows represent protein-coding regions for ampicillin- 
resistance, tetracycline-resistance and ROP. Promoters for these genes are P, and P3, PZ, and 
an unknown which should be before the ROP gene, respectively. Wavy arrows represent 
RNA transcripts for the RNA primer for DNA replication and RNA-l. Promoters for these 
RNAs are P, and PRNA_,, respectively. P4 is a promoter activated by cyclic AMP receptor 
protein in vitro. Ori represents origin of replication of pBR322 DNA. The asterisk 
represents the ozone-sensitive Sl sites confirmed by us [l, 21. 
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Dam sites were checked in comparison with experimental melting curves 
obtained by calorimetry and spectroscopy; it was found that the curve with 
TAT = 0°C for the Dam site most properly predicts the experimental melting 
curves. The melting temperature of the theoretical curve is about 3-4°C 
lower than the experimental curve obtained by calorimetry and coincides 
with the curve given by UV measurements. The thermal stability map of 
pBR322 DNA in 0.1 X SSC buffer solution along with its genetic map is also 
shown (Fig. 7(b)). The abscissa is the melting temperature of each base 
pair. The complexity of the melting curve in Fig. 7 indicates it is reasonable 
that each melting peak has more than three transitions with different 
mid-point temperatures. 

By comparing the thermal stability map with the DSC curve, each peak 
in the DSC curve can be assigned to the base pairs in the DNA sequence. 
Peaks 1 and 2 with the lowest melting temperatures in Fig. 6 correspond to 
the calculated transition at 66-73°C in Fig. 7(a), which is due to the melting 
of bases at numbers 3050-3350 and terminal regions, as shown in Fig. 7(b). 
The promoter for the RNA primer of DNA replication (P,), and promoters 
P,, P, and P, are located in these regions [35]. The Sl sites (3120bp and 
3220bp) which were confirmed to be ozone-sensitive by us [l, 21 and seven 
methylated adenines among the total 22 GATC sequences having methy- 
lated adenines are also located in this region. These regions are biologically 
active and melt at the lowest temperature ranges with the smallest average 
values of AH of about 3850 and 4060 kJ mall’. 

The straight arrow region, which represents the protein coding region for 
ampicillin-resistant protein (Amp-R), a region of base pair numbers 
3400-3900, belongs to the third peak of the DSC curve in Fig. 6, and melts 
with average enthalpy change of 6100 kJ mall’. 

The fourth peak, with an average enthalpy change of 7020 kJ mall’ is 
caused by melting of the regions of base pair numbers 1530-2050 and 
2850-2950; it is deconvoluted to three transitions. Replication origin (Ori) 
is located at base pairs between 2050 and 2850 with an average enthalpy 
change of 7300 kJmol_’ (fifth peak). The most thermally stable part 
between base pairs 400 and 600, in which the GC content is as high as 65%, 
is included in the protein coding region of tetracycline-resistance (Tet-R), 
which melts with the highest average enthalpy changes of 7500 kJ mall’. 
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