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ABSTRAC?

The fine structure of the melting curve for the linear
ColE1 DNA has been obtained. To find the ColE1 DNA regions
corresponding to peaks in the melting curve's fine structure,
we fixed the melted DNA regions with glyoxal /12/. Elect-
ron-microscopic denaturation maps were obtained for nine
tengerature points within the melting range. Thereby the
whole process of ColE1 DNA melting was reconstructed in de-
tail, Spectrophotometric and electron microscopic data were
used for mapping the distribution of GC=pairs over the DNA
molecule, The most AT-rich DNA regions (28 and 37% of GC-pa-
irs), 380 and 660 bp long resp., are located on both sides
of the site of ColE1 DNA's cleavage by EcoR1 endonuclease.
The equilibrium denaturation maps are compared with maps ob-
tained by the method of Inman /20/ for eight points of the
kinetic curve of ColE1 DNA unwinding by formaldehyde.

INTRODUCTION

The studies of DNA melting carried out over the last
five years with the use of precision spectrophotometers have
revealed some characteristic features of the melting curves
of phage DNA /1-6/, the DNA of mitochondria and kinetoplasts
/7=9/, nemely peaks about 0.3-0.5°C width in the differenti-
al melting curve. It was shown in /3/ that peaks appeared in
the differential melting curve due to the co=operative mel=-
ting of DEA regions 300-500 bp long. This explanation was
later confirmed by a direct comparison of the theoretical
and experimental melting ocurves for the replicative DNA
forms of phages $X 174 /6/ and £d /10/ whose nucleotide se-
quences were known,

Computation of the melting curves for DNA with a known
sequence /6/ shows that the fine structure of the melting
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curve is sensitive to slight changes in the nucleotide se-
quences. Therefore a comparison of the fime structure peaks
with the melting regions opens up good prospects for research
into the primary structure of DNA with a unknown nucleotide
sequence,

The precision equipment available at a number of labora-
tories for DNA melting studies makes it possible to obtain a
highly accurate fine structure of the melting curves. The
vast amount of experimental data accumulated on the fine
structure of melting curves for different DNAs is summed up
'in a review by Wada,A. et al. /11/. Meanwhile there is no
reliable experimental procedure for localiging DNA regions
corresponding to the fine structure peaks.

In the present study we fixed the melted regions with
glyoxal to determine the ColE1 regions whose melting corres-~
ponded to peaks in the fine structure of the melting curve.
This method had earlier been used for localizing the AP=rich
regions in T7 DNA revealed by the fine structure of the mel=-
ting curves /12/. Glyoxal reacts with the amino-and imino-
groups of bases and prevents complementary pairing; the
product of its reaction with guanine is highly steble /13/.

Glyoxel was used to fix the denatured regions appearing
in DNA molecules at pre-chosen temperatures within the mel=-
ting range. The set of denaturation maps subsequently const-
ructed from electron micrographs made it possible to determine
the size and location of the DNA regions corresponding to
peaks in the fine structure of the melting curve. A combinati-
on of spectrophotometry and electron-microscopic visualiza-
tion of the partially denatured molecules reveals the complete
picture of the heat denaturation process. Using these results
we constructed a map of the distribution of averaged GC-pair
content over the ColE1 DNA molecule.

MATERIALS AND METHODS

1. DNA. A cleared lysate of E.coli C600 cells was ob-
tained by the method of /14/. The major part of chromosome
DNA was eliminated by isopropanol extraction. The superna-
tant containing plasmid DNA was subjected to RNase treatment
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and a subsequent triple phenol extraction. The fraction of
superhelical plasmid molecules was obtained by equilibrium
CeCl centrifugation of deproteinized DNA in the presence of
ethidium bromide., After the dye was eliminated from DNA with
isopropanol, the DNA was dialyzed against 0,1xSSC for 24
hours with a triple change of buffer. The DNA was purified of
short DNA molecules by gel filtration on Sephadex G-50., The
DNA preparation thus obtained usually had about a 70% content
of superhelical molecules.

2. Restriction endonmuclease EcoR1 was obtained as desc-
ribed in /15/0

Endomuclease Smal was kindly supplied by Dr.Naroditskii
B.S. from Ivanovsky Institute of Virology, USSR Academy of
Medical Sciences.

The cleavage of ColE1 DNA with EcoR1 endonuclease was
carried out at 37°C in a solution containing 100 mM Pris-HC1,
50 mM NeCl and 10 mM MgClz,pH 7.8. The conditions for endo-
moclease Smal were: 15 mM Tris-HC1l, 6 mM MgCl,, 15 mM KC1,
pH 9.0. The reaction was carried out at 30°C. The resulting
linear DNA was purified with phenol. In both cases the reac-=
tion was performed for the minimum time required for conver-
ting all the molecules to the linear form. These cleavage
conditions were chosen to minimize the number of additional
single-stranded DNA breaks occuring due to nonspecific nucle-
ase activity. The average number of random single- and double-
stranded breaks per DNA molecule was controlled by means of
electron microscopy.

3. For the most part DNA melting was carried out on an
Opton PMQ III single-beam spectrophotometer equipped with a
thermostated cell holder specially designed for precision
melting experiments. The melting curves were recorded during
continuous heating at a rate of 0.15-0.2 degrees/min. by a
two-coordinate recorder, the X coordinate getting the signal
from a battery of thermocouples built in the spectrophotome-
ter cell holder. The spectrophotometric accuracy was 2-10"4
optical units for an absorpancy range of 0.5 optical units.

Several experiments were carried out on Cary 219 pre-
cision double-beam spectrophotometer equipped with a thermal
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unit for DNA melting and a specially designed thermostated
cell holder,

4, The differentiation of the experimental melting curves
with respect to temperature was carried out by means of a
HP9864A digitizer connected to a HP 9825A calculator (Hewlett-
-Packard, USA)., The curve resulting from the digital differen-
tiation was smoothed by convolution with a Gaussian function
having a variance of 0.06°C.

5. Melted ColE1 DNA regions were fixed with glyoxal as
described in /12/. The cell containing DNA was placed in the
spectrophotometer cell holder and heated to a temperature
corresponding to a chosen fixation point on the melting curve,
Then the first stage of fixation was performed by adding to
0.5 ml of DNA 1 ,al of 0.2M glyoxal purified on an Amberlit AG
MB-I ion-exchanger resin., The fixation was carried out for
20 minutes and checked by the fact that the DNA absorbancy
remained unchanged after a 1°C temperature deorease. The se-
cond stage was performed with a higher glyoxal concentration
(10 w1 to 0.5ml of DNA) for 30-40 minutes. At this stage DNA
unwinding by glyoxal was prevented by a gradual temperature
decrease, The increase in DNA absorbance due to glyoxal-in-
duced unwinding was insignificant even at the late melting
stages as compared with the melting-induced effect.

6. DNA unwinding by formaldehyde was carried out in a
solution containing 20-25 ;Ag/ml DNA, 50 mM Na.2003, 5 mM
Na3ED!A. 8,7 mM NaCl, 0.87 mM sodium citrate and 10% formal-
dehyde. By adding 1M NaOH pH was brought to 10.8-10.85. The
reaction was carried out at 24°C; its course was followed by
the absorbance at A =260 mm., Samples were taken at specified
intervals and at once prepared for electron microscopy.

7. DNA was prepared for electron microscopy by a modi-
fied formamide procedure /16/.

Hyperphase composition: 0,015M phosphate buffer (pH 7.0)
0.01M Na,EDTA, 65% formamide, 200-300 mg/ml cytochrome C
with 3-5 mg/ml DNA,

The concentration of Na* in the hyperphase was 0,06 M.
The hypophase was deionigzed water. The preparation was con-~
trasted by circular Pt shadowing at an angle of 7°. Micro-
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graphs were obtained on a JEM=7 electron microscope (JEOL,
Japan) with a magnification of 8-10 thousand. DNA length was
measured with a HP 9864A digitizer connected to a HP 98254
calculator or directly from EM negatives using a PAUK-221
digitizer (USSR) and an EC1010 computer (Hungary). The accu~
racy of the measurements was about 1%. Partly denatured mole-
cules were analysed and denaturation maps constructed using
an HP9825A calculator. The deseription of the algorithm used
for constructing denaturation maps and the program for

HP 9825A opt 002 calculator can be sent on request.

RESULTS
a) ColEl DNA melting and fixation of melted regions,

The melting curves of closed circular DNA do not possess
a fine structure /3/, therefore all studies were carried out
on linear molecules obtained by single-site cleavage with
restriction endonucleases EcoR1 or Smal. Figure 1 shows the
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FIGURE 1, The melting curve (a) and the differential melting
curve (b) of ColE1 DNA in 0,1xSSC. Arrows indicate the tempe-
ratures of fixation. The melting was recorded by the value
of absorbancy at )\ = 270 nm., The curves presented were ob-
teined by averaging six experimental melting curves.
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melting curve (a) of a linear ColE1 DNA molecule obtained by
cleavage with EcoR1 and a temperature derivative of that
curve - the differential melting curve (b). The differential
melting curve of ColE1 DNA has & number of clear-cut peaks,
most of which are 0.4-~0,6°C width. To find out which DNA re-
gions correspond to peaks in the fine structure of its diffe-
rential melting curve, we fixed partly denatured molecules
with glyoxal at nine chosen temperatures within the melting
range. These points are indicated by arrows in Figure 1; they
usually fell between adjacent peaks,

b) Electron microscopic data.

Figure 2 presents the electron micrographs of partly
denatured molecules fixed at different melting stages. The
melted DNA regions are indicated by arrows. One can see that
molecules fixed at different temperatures differ in the num~
ber of melted regions and/or their size., Table 1 presents

FIGURE 2, Micrograghs og partly denatured ColE1 DNA molecules
fixed at 69.3°C (a), 71°C (b), 72.20C (C), 74.7°C (d). Arrows
show the denaturated regions. The bar represents 0.4 fam.
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Table 1. Chaeracteristics of the arrays of molecules used for
clectron-microscopic mapping of equilibrium melting,

Tenmperature Iumber Average degree Desree of
of Tixuotion of of denaturation denaturation
°c 1.0lecules according to according to
electron nicro=- nelting curve
scony
% 5
55,0 55 6e5 + 142 5.6
3943 55 157 + 1a4 1841
T1.0 49 23.9 ¢+ 2.0 217
T2.2 50 29.0 + 241 2867
T35 G3 323 + 2.7 39.4
TheT 50 5561 + 249 5245
7549 55 T1.1 + 3.7 7042
7740 58 82,0 + 361 793
T8.8 56 500 + 1.5 94,6

some averaged characteristics of the molecules. For compari-
son the same table shows the spectrophotometric values of

the degree of denaturation for each fixation point. The good
agreement of electron microscopic and spectrophotometric data
demonstrates that with the above fixation procedure the
electron microscopic visualization of partly denatured mole-
cules gives an adequate picture of DNA melting. For each mel=-
ting stage about 50 DNA molecules were measured and computer-
oriented for the subsequent construction of denaturation maps.
Figure 3 shows an array of molecules fixed at a temperature
of 74.6°C corresponding to 55.4% denaturation degree. The
denaturation map obtained by a summation of these molecules
is presented in Figure 4f. It should be noted that the short
helical section between two long denatured regions at the
right-hand end of the molecule (region 80-82) is present in
almost all the molecules of the array. The experimental error
in determining the coordinates of the ends of this section
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FIGURE 3, The set of molecules used for constructing the de-
naturation map corresponding to '.l'f=74.7°C.

accounts for the fact that only a small minimum corresponds
to it in the denaturation map (Pig.4f).
) Denaturation maps of vari melt stages.

The melting pattern of ColE1 DNA.

Figure 4 presents the denaturation maps corresponding
to all the nine points within the colE1 DNA melting range
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FIGURE 4, Denaturation maps of ColE1 DNA corresponding to
different melting stages. The shaded area in each map is the
difference obtained by subtracting from this map the map for

the preceding temperature of fixation. The temperatures,
are shown on the right. The arrow indicates the cleavage
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site for Smal endomuclease.
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indicated by arrows in Figure 1. When analysing the melting
of ColE1 DNA it is convenient to compare not only these de-
naturation maps corresponding to the various melting stages
but also difference maps obtained by subtracting the prece-
ding histogram from the following one, Such difference maps
of denaturation show which DNA regions correspond to each
peak in the fine structure of the melting curve. The maps
presented demonstrate that each peak in the fine structure
corresponds to the melting of one or several DNA regions.
For instence, the first two peaks correspond to the melting
¢f the two terminal regions of the linear ColE1 DNA molecule
obtained by EcoR1 cleavage, (In & circular ColE1 DNA mole-
cule the first two melting regions lie on both sides of the
EcoR1 site. These data are confirmed by the denaturation maps
for a linear DNA molecule obtained by Smal cleavage. (Data
not showny)

The melting regions may be located in the long helical
region (e.g. Pig.4c, region T4.1=79.1; Fig.4e, region
61=66,7), at the end of the melted region (e.g. Fig. 4c, re-
gion 6-8,6; Fig. 4d, region 85.3-89.7) or between two melted
regions (e.g. Fige. 4f, region 66,7-T73.4). One can see that
the peaks in the denaturation maps are of the same height,
close to 1, i.e. the denatured regions corresponding to each
peak are present in practically all the molecules of the
array (see Fig.3). Region 25-29 in Figure 4g is an exception,
This region is not to be found in all the molecules of the
array because the temperature of fixationm, 75.9°C, corres-
ponds to the middle of this region's melting range (see
Fig.1). The last map (4i) shows that the intensive peak at
T=77.3°C and the next one (see Fig.1b) are due to the melting
of three helical regions. The same map demonstrates that the
DNA strands are prevented from completely strand separation
by region 29-32,

In the denaturation maps the site for Smal endonuclease
is in the right-hand part of the DNA molecules at a distance
of 18.5% from the right end. (In case of successive cleavage
by EcoR1 and Smal enzymes the resulting DNA fragments are
81.5% and 18.5% of ColE1 genome length) To orient the maps
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presented in Fige.4 with respect to the functional map of the
plasmid the denaturation maps corresponding to the first three
peaks in differential melting curve of the Smal-cleaved DNA
were constructed. (Data not shown).

d) The map of averaged GC-content.

The above analysis allowed a detailed reconstruction of
DNA melting and the identification of the co-operatively mel-
ting regions corresponding to all pesks in the differential
melting curves of ColE1 DNA,

Table 2 specifies the size of these regioms, their co-or-

Table 2. Temperatures of nelting and sizes of the co-opera-
tively melting regions of Coli1 DITA.

Co-ordinates Size Tenmperature

of the melting bp ¢
region

0.0 - 6.0 380 6443

6.0 - 8.6 170 6344

9¢1 = 11.3 140 73.0
12,3 = 14,0 110 7640
14.0 = 16,3 150 TTe4
16,3 = 20.3 250 T7e3
20,3 - 25,0 300 737
25.0 = 29,C 250 7G.0
29,0 - 22.0 190 061
3240 = 4044 540 TTe3
40e4 - 4343 120 7546
4343 = 54.2 T00 Thed
54,2 - 61.0 440 T4e1
51.0 = 66.7 360 730
66T = T34 430 T4
Thel = T9a1 320 T0e3
80,1 = 82.5 170 THed
82.8 = 5444 100 T4
3543 = 39,7 280 T1eT
297 - 100 660 684
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dinates in the DNA molecule and the melting temperatures cor-
responding to the maximum of the relevant peaks in the diffe-
rential melting curve (see FPigures 1 and 4).

These data were used for computing the average content
of GC=-pairs in each melting region. The GC content was com-
puted on the basis of the well-known Marmur and Doty's rela-
tion /17/, making allowance for the boundary melting condi-
tions of each region /12,24,25/. The distribution of GC-pairs
over the ColBE1 DNA molecule is presented in the form of &
histogram in Pigure 5. Below is a functional map of the
ColE1 plasmid taken from /18/.

Pigure 5 shows that ColE1 DNA is characterized by con-
siderable intramolecular heterogeniety. Along with a highly
AT=-rich region at the left end of the DNA molecule (28% of
GC-pairs), there is the highly GC-rich region 29,0-32
(73% of GC-pairs). The melting of this region causes a com=-
plete separation of the DNA strands (the last peak in the mel-
ting curve), so that the above figure is only a rough esti-~
mate of its GC content,
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FIGURE 5., The distribution of AT-pairs over the ColE1 DNA
molecule. (solid line) Dashed line represents the average
AT content of the appropriate regions of pA02 DNA /23/
és§§1t71xg}. Shown below is a functional map of the plasmid
o .
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e) Formaldehyde maps

Denaturation mapping of DNA with formaldehyde as the de-
naturing agent has become a common technique over the last
decade /19-21/. To compare the data yielded by formaldehyde
maps with the equilibrium melting maps obtained in the pre-
sent study, we performed denaturational mapping of the vari-
ous stages of ColE1 DNA unwinding kinetics induced by for-
maldehyde at pH10.8, T=24°C, (The denaturation maps are more
distinct in these conditioms than at neutral pH /20/.) The
denaturation maps are shown in Figure 6., Table 3 gives the
characteristics of the arrays of molecules used for construc-
ting these maps,

Figure 6 shows that formaldehyde starts by unwinding the
left end of the DNA molecule, This process seems to corres-
pond to the steep beginning of the kinetic curve., Then the
right end begins unwinding (Fig.6b). Meanwhile the left~hand
denatured region increases in size, Long-time denaturation
maps show that regions in the right half of the DNA molecule
are unwound next (Pig.6¢,d), and only then the left half of
the molecule (Fig.6f,g). These data show that the formalde-
hyde-induced unwinding of different ColE1 DNA regions occurs
unevenly and depends on their GC content. Figure 7 presents
the kinetic curves of unwinding of ColE1 DNA regions
differing in the average GC content computed from the equi-
librium denaturation maps. The kinetic curves were obtained
by computing the average denaturation degree of the DNA re-
gions from the relevant denaturation maps. One can see that
the Af-rich regions are the first to unwind and do so at a
higher rate. This dependence of the formaldehyde-induced
unwinding of a DNA region on its GC content accounts for the
similarity between the formaldehyde meps and the equilibrium
melting meps. This similarity, however, is only observed at
the early stages of the unwinding kinetics before any signi-
ficant proliferation of the unwound regions occurs.

Differences in the rate of unwinding between different
regions of A phage DNA were first revealed by Inman in his
early works on formaldehyde denaturation mapping /19,20/. In
/21/ a correlation was established between denaturation maps
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FIGURE 6. Formaldehyde denaturation maps corresponding to
different times after the onset of the unwinding reaction.
The times are shown on the right.

and maps of averaged GC content through analysis of denatu-
ration maps for DNA with a known mucleotide sequence: gX174
and SV40.

A comparison of formaldehyde denaturation meps with
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Table 3, Characteristics of the arrays of partly denatured
nolecules used for formaldehyde denaturation

napping.
Time since Degree of denaturation Ilumber of
onset of according to Il mnolecules
kinetics
min %
7 6 40
29 13 50
77 23 31
83 27 23
129 34 48
147 45 43
184 60 6
216 T4 51

equilibrium ones shows that the sequence of unwinding of DNA
regions 300-500 bp long corresponds to peaks in the melting
curve's fine structure. This correlation is also noted in
/22/ where it is derived from a comparison between an expe-
rimental formaldehyde denaturation map of replicative form
of $X174 DNA and a melting map computed for that DNA on the
besis of the theory.

The partly denatured DNA molecules obtained by formal-
dehyde unwinding show a wider variance in the number of mel-
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FPIGURE 7. Kinetic curves of formaldehyde-induced unwinding
for DNA regions with different GC content: 28% (a), 38% (b),
45% (o), 54% (d) and 58% (e).
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ted regions and their length (i.e. the degree of denaturati-
on, see also /21/) than the molecules fixed with glyoxal in
the course of equilibrium heat melting. For instance, in the
array of molecules used for constructing the denaturation
map in Pigure 6g (degree of denaturation 1-0=59.8%) the va=-
riance in the degree of denaturation is 8.75%. This is ref-
lected in the denaturation maps: the peaks in formaldehyde
denaturation maps differ in height and have more blurred
boundaries.

DISCUSSION

The glyoxal fixing technique used in the present study
made it possible to construct equilibrium melting maps of
ColE1 DNA and thereby experimentally visualize the whole
process of its melting (Fig.8). The small variation in the
number of melted regions and the degree of DNA denaturation
as well as the agreement between this value and the apectro-
photometric data demonstrate that glyoxal fixes partly de-
natured DNA regions alone under the experimental conditions.
The visualization of the melting process shows that the
appearance of each sharp peak in the differential melting
curve corresponds to the melting of one or several DNA regi-
ons several hundred bp long. These data are a direct experi-
mental confirmation of the existing concept as to the origin
of the melting curve's fine structure. /3,6/ On the whole
the denaturation maps are similar to the theoretical denatu-
ration maps of DNA with a known nucleotide sequence; the
replicative forms of fd DNA /10/ and gX174 DNA /6/. Analy=
sis of the denaturation maps (Fig.4) shows the melting of
most DNA regions to be co-operative. Apart from the co-ope-
rative melting, however, there is an appreciably less co-ope=-
rative process involving the melting of regions several do-
zen bp long. This kind of melting produces a wide bell-gsha-
ped background in the differential melting curve while the
sharp peaks standing out against it correspond to the co-ope-
rative melting of long regions. The™non-co-operative" melting
may be due, for instance, to an even unwinding of the bounda-
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ries of helical regions., Still, analysis of difference dena-
turation maps shows that the "non-co-operative" proliferation
of the denatured regions is not extensive. Of great interest
are the short regions that can melt within the helical part
of the DNA molecule. Unfortunately such short denatured regi-
ons are hard to visualize using the above-described procedure.
The melting of short helical regions changes the boundary
conditions for the co-operative melting of adjacent regions.
But estimations show that the melting of a short region prac-
tically does not affect the average GC content of a total

DNA region several hundred bp long as determined by the afore-
said procedure., Therefore while determining the GC content of
a melting region over 300 bp long, only the state of long
adjacent regions should be allowed for, which is easily done
from the denaturation maps (Fig.4).

It would be interesting to compare the GC content of the
melting regions obtained from the denaturation maps with the
nucleotide sequence determined by direct techniques., However,
only part of ColE1 DNA has been sequences so far, The largest
fragment was described in /23/. The pAO2 plasmid whose se-
quence was decoded in that study contains 25% of the ColE1l
genome, The pA02 plasmid contains the restriction site for
EcoR1 and the ori site of ColE1, In the map of GC content
(Fig.5) the pAO2 plasmid corresponds to region O = 25 of
ColE1 DNA, This region of ColE1 DNA is the most heterogene-
ous in respect of GC content: it includes both the most
AT=-rich section and highly GC-enriched sections. The discre-
pancy in the value of GC content of the two most thermostable
regions (14-16.3 and 20,.3-25) may be explained by the fact
that these regions melt under irreversible conditions to
which the fortmlae used are, strictly speaking, inapplicable.
Indeed, the melting process in these conditions (0.1xSSC) is
not strictly equilibrium, for in solutions of such low iomnic
strength there is practically no renaturation of the separa-
ted strands at low DNA concentrations /7,8/.

The same may account for the hysteresis of the ColE1
DNA melting curve, i.e. the divergence between the melting
curve and the renaturation curve obtained during the gradual
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cooling of DNA melted to degree of denaturation approx.0.5
/11/. Indeed, at T=74.2°C, which corresponds degree of dena-
turation 1-8=0,52, the section of ColE1 DNA lying between
two melted regions melts for the first time (Fig.4d, 4¢). If
the temperature is lowered after that, this section, now part
of a long melted region, must be the first to renature. The
process is impeded at low ionic strength, hence the "over-
cooling® of the section resulting in hysteresis. The renatu-
ration of those melted regions that border on the helical
parts may start at the ends; this process does not depend on
the ionic strength and the melting of such regions is rever-
sible. The melting and renaturation curves coincide for such
regions, The denaturation meps in Figure 4a,b,c,d show that
the melting of ColE1 DNA under these ionic conditions up to
2=73.4°C is fully reversible, which is a fact experimentally
observed /11/.

The data on the GC content of various co-operatively
melting regions reveal a marked intramolecular heterogeneity
of ColE1 DNA, The left-hand terminal region of the linear
ColE1 DNA molecule shows the highest AT content (Fig.5). Its
GC content is only 28%, about half the average of the DNA
molecule. The long region (660 bp) at the right end of the
DNA molecule is somewhat richer in GC pairs: its GC content
is 37%. In reality ColE1 DRA is a circular molecule, so these
two regions lie next to each other on both sides of the clea-
vege site for EcoR1 endonuclease. In a linear ColE1 DNA mole~
cule the right-hand part is more AT=-rich (Fig.5). The most
GC=rich regions (average GC content over 60%) are in the
left-hand part of the molecule, in the ori region.
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