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Thermal Denaturation of the DNA-Ethidium Complex.
Redistribution of the Intercalated Dye during Melting?
Stelios Aktipis,* William W . Martz, and Antonis Kindelis

ABSTRACT: The temperature dependence of the circular dichroism of the DNA-ethidium bromide complex a t elevated
temperatures provides evidence that the optical activity of
the complex near 307 nm originates from interactions between intercalated dye molecules while the optical activit)
near 5 1 5 nm results from singly intercalated ethidium bromide molecules. The behavior of the circular dichroism of
the complex at elevated temperatures also explains the

higher ellipticities near 307 nm which characterize complexes formed between ethidium bromide and denatured
DNA. Finally the circular dichroism data indicate that the
melting of the complex takes place in a stepwise manner
with some D N A regions, probably AT-rich regions, dissociating first. The implications of these findings regarding
the inhibiting effect of ethidium bromide on the function of
D N A polymerase are examined.

E t h i d i u m bromide is an antitrypanosoma1 drug which is
known to inhibit nucleic acid synthesis both in vivo (Tomchick and Mandel, 1964) and in cell-free systems (Elliott,
1963; Waring, 1964). It has been suggested (Waring, 1964)
that the pharmacological properties of ethidium are at least
partly due to inhibition of polymerases involved in nucleic
acid synthesis. This inhibition may be a direct consequence

of the physicochemical interaction between D h A templates
and the planar phenanthridinium ring structure of the drug
(Waring, I965a).
The interaction between D N A and ethidium bromide results in pronounced changes in the physical properties of
both components such as an increase in the fluorescence
quantum efficiency of ethidium (LePecq and Paoletti, 1967;
Wahl et a/., 1970) and an increase in the viscosity of D N A
(Cohen and Eisenberg, 1969). I n terms of a physical model,
the interaction may be described as an insertion of the planar phenanthridinium ring between adjacent nucleotide
pairs in D N A . The binding depends primarily on hydrophobic interactions occurring between ethidium bromide and
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the surrounding bases (Fuller and Waring, 1964) as well as
the electrostatic forces operating between phosphate residues and the positively charged nitrogens of the phenanthridinium ring (Gilbert and Claverie, 1968). This type of interaction is referred to as intercalation and it occurs almost
exclusively a t low ethidium bromide to D N A phosphate ratios (approximately 0.25 and below), i.e., under conditions
associated with strong binding of the dye. At higher ethidium to D N A phosphate ratios, secondary binding resulting
from electrostatic attraction between phosphate residues
and dye molecules attached to the exterior of the helix also
takes place (Waring, 1965b; Aktipis and Kindelis, 1973).
The intercalation complex formed between D N A and
ethidium bromide is characterized by major circular dichroism bands between 300 and 360 nm and a band of
much lower ellipticity centered near 515 nm (Aktipis and
Kindelis, 1973). In the present study we have examined the
dependency of the circular dichroism of the complex a t elevated temperatures and we have obtained information regarding the origin of the circular dichroism bands induced
by ethidium bromide. The changes noted in the circular dichroism with temperature have also provided information
on the probable sequence of events which accompany the
thermal denaturation of the DNA-ethidium bromide complex.
Experimental Section

Preparation of Solutions. Calf thymus D N A (Worthington Biochemical Corp., Freehold, N.J.) was dissolved (4
mg/ml in Tris-HC1 buffer (0.04 M, p H 7.9) and dialyzed
twice vs. the same buffer. From this stock solution working
solutions were prepared by diluting with buffer. The concentration of these solutions was determined using an extinction coefficient of 6600 at 260 nm (Mahler et al.,
1964). Denatured D N A was prepared by immersing a stoppered flask containing a 2 X
M solution of D N A phosphate in boiling water for 15 min and subsequently cooling
the hot solution in ice-water. The residual hyperchromicity
of the denatured D N A was 13%. By comparison the native
D N A solution exhibited a hyperchromicity of about 39%.
Ethidium bromide (Lot No. 100301, Calbiochem, Los
Angeles, Calif.) solutions were prepared in the same buffer
shortly before each experiment. Concentrations were determined using a molar extinction coefficient of 5600 a t 480
nm (Waring, 1965a).
Solutions of the DNA-ethidium bromide complex for
various molar ratios of ethidium bromide to D N A phosphate were prepared by mixing appropriate volumes of the
working solutions and diluting with buffer to a standard
volume (usually 20 ml).
In most instances, as indicated in the corresponding figures, a constant amount of dye was used and the amount of
D N A was varied. Occasionally the reverse procedure was
used.
Circular Dichroism Measurements. Circular dichroism
spectra were recorded on a modified Jasco O R D / U V S
spectropolarimeter (SS- I O modification; sensitivity 2 x 10'
deg/cm). Measurements were carried out in cells with optical path lengths ranging from 0.1 to 10.0 cm so that optical
densities in each instance did not exceed 2.0.
The difference in extinction coefficient between left and
right circularly polarized light tl - t, was calculated from
El

- E, =

d e g r e e s of ellipticity
33cl

where degrees of ellipticity were obtained directly from the
recorder chart, the concentration c was expressed in moles/
liter, and I, the path length of the cell, was expressed in
centimeters. For the calculation of €1 - tr the concentration
of either D N A phosphate or DNA-bound ethidium bromide
was used as indicated in the corresponding figures.
Measurements at Elevated Temperatures. Optical density lis. temperature measurements were carried out using a
Beckman T , analyzer connected to a Moseley X - Y recorder (Hewlett Packard Corp., iModel No. 7035B). Circular dichroism-temperature profiles were obtained using a modified T , analyzer which permits automatic recording of C D
vs. temperature (Martz and Aktipis, 1971). The maximum
optical path length accommodated by the cell holder of this
instrument is 1 .O cm. Alternatively for the measurement of
low ellipticities it was necessary to use a jacketed IO-cm
cell. This cell was connected to a Lauda K-2/R constant
temperature circulator (Brinkman Instruments, Westbury,
N.Y.) and the temperature was increased a t '5 increments
a t a rate of approximately 1 '/min. All other heating rates,
with one exception noted in the legend of the corresponding
figure, were adjusted to 3'/min.
Binding Studies. The binding of ethidium to D N A a t elevated temperatures was determined spectrophotometrically by monitoring absorbance a t 460 nm as described previously (Aktipis and Kindelis, 1973). The calculation of
molar circular dichroism for each temperature is feasible
from ethidium bromide binding data. These data are easily
obtained because the absorption of DNA-bound ethidium
a t 460 nm is apparently independent of temperature as indicated by the constancy of the apparent absorption of comM ) and ethidium (3
plex formed between D N A (6 X
X IOps M) in the 25-70' region. (An increase in the apparent absorbance noted between 70 and 100' can be accounted for by the release of bound ethidium molecules resulting
from the dissociation of the DNA-ethidium bromide complex.) Also the effect of temperature on the absorption
spectrum of free ethidium bromide is limited to a rather
small shift in the absorption maximum from 480 nm a t 25'
to 490 nm a t 90° and a concommitant linear decrease in the
apparent extinction coefficient a t 460 nm from 4850 to
about 4250.
Results

Circular Dichroism of Thermally Denatured DNA-Ethidium Complex. Addition of ethidium bromide to thermally denatured D N A induces circular dichroism similar to
that reported for the DNA-ethidium complex (Aktipis and
Martz, 1970; Aktipis and Kindelis, 1973). T h e complex
formed with denatured D N A (Figure 1) a t ratios of added
ethidium to D N A phosphate of 0.10 and 0.20 exhibits a t
307 nm tl - tr values, based on the concentration of D N A ,
of 1.3 and 3.5, respectively. By comparison the corresponding €1 - tr magnitudes for the native DNA-ethidium bromide complex for identical ratios a r e 0.8 and 2.8.
Similar results, shown in Figure 2, a r e obtained by plotting the molar circular dichroism a t 307 nm of ethidium
bromide complexes formed with native and with denatured
D N A V S . the molar ratio of bound ethidium to D N A phosphate ( r ) . Ellipticities are consistently higher for all the
complexes formed with denatured D N A and an apparent
maximum q - cr value of about 25 is achieved a t a lower
ratio for these complexes.
The increase in q - e,. noted for the denatured DNA-ethidium bromide complex may, a t first, be a little surprising.
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t l G ' , R E 3: Dependency of the ellipticit) a t 307 nm (lei't ordinnte) ( ~ - - )
and absorbancies a t 260 nrn ( - - - ) and 460 nm (. . - ) (right ordinate)
on temperature for the DNA-ethidium complex at an added cthidium;
D N A o f 0.07; [EB]. 2 X IO-? LI. The optical densit4-tetnperaturc profile at 260 n m was obtained using a 0.2-cm cell and a heatins rate ol'
0.3O/min, Ellipticities a r e calculated on the basis of the concentration
of D h A-bound ethidium.

FlGLRE I : Circular dichroism of heat denatured D N A (-j and the
denatured DNA-ethidium complex for added ethidium/DNA ratios of
(. .) 0.1 and ( - - -) 0.2. Since ellipticities are calculated on the basis
of D N A concentration the shape of the spectra is identical Kith that directlq recorded on the chart of the spectropolarimeter.
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F I G U R E 2: Dependency of ellipticity at 307 nm of the DK;iZ-cthidiurn
complex on the bound d y e / D N A ratio. Ellipticities are calculated on
the basis of the concentration of DtiA-bound ethidium. D N A phosM: (0)native DA-A; (9)
heat denatured D N A .
phate. 2 X

dptical activity in the 300-350-nm region originates from
ethidium bromide molecules intercalated in double-stranded helical sites (Aktipis and Kindelis. 1973) and denatured
D U A certainly has fewer regions containing such sites. On
this basis, and in view of the fact that ethidium binds almost
exclusively to the double-stranded regions of denatured
D N A (LePecq and Paoletti, 1967), one might have expected the complex formed with denatured D N A to exhibit
lower rather than higher ellipticities. In fact, under a similar set of conditions the maximum fluorescence enhancement of ethidium bromide bound to D N A , which also originates from dye molecules associated with primary binding
sites, decreases by more than 50% for the denatured D N A ethidium bromide complex (LePecq and Paoletti, 1967).
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This decrease undoubtedly results from the reduction i n the
content of double-stranded regions available for ethidium
bromide intercalation in denatured DNA.
The increase in the circular dichroism noted for the denatured DNA-ethidium bromide complex is, however, consistent with the notion that the optical activity in the 300350-nm region does not simply originate from the intercalation of single ligands and their interaction with the surrounding nucleotides, as the case is with fluorescence, but
rather results from the interactions between intercalated
ligands within an intact double-stranded polynucleotide region (Aktipis and Kindelis, 1973). As it will become apparent from the subsequent discussion, the possibility of such
interactions is substantially increased with denatured D N A .
Circular Dichroism of DNA-Ethidium Complex at Elewifed Temperatures. Additional information regarding the
increase in the interactions between ethidium bromide molecules intercalated i n denatured D N A is obtained by examining the behavior of the native DNA-ethidium bromide
complex at elevated temperatures.
The dependence on temperature of the circular dichroism
of this complex at 307 nm, is shown i n Figure 3. A t a ratio
of 0.07 the circular dichroism decreases slightly with increasing temperatures up to 75'. This is followed by a
strong increase i n the circular dichroism, in the 75-90'
range.
At this low ratio practically all ethidium present i s initially bound to D N A and, as suggested by the constancy o f
the absorption of the complex at 460 nm, the binding
changes very little for temperatures up to about 70'. By
contrast the sharp increase in the circular dichroism of the
complex above 75' is associated uith a pronounced decrease in ethidium binding. The increase in the circular dichroism also appears to be concomitant with the elimination
of double-stranded regions in D K A which serve as binding
sites for ethidium bromide. More precisely. the increase in
the optical density of the complex a t 260 nm just precedes
and accompanies the increase in molar circular dichroism.
The increase in ellipticity of the complex near 307 nm thus
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4: Dependence of the binding of ethidium to D N A a t the ethidium/DNA ratio of 0.07 (right ordinate) (.
and of the ellipticities
for the DNA-ethidium complex a t 5 15 nm (left ordinate) on temperature a t ethidium/DNA ratios of (-) 0.07 and (- - -) 0.10. Ellipticities
are calculated on the basis of concentration of DNA-bound ethidium.
[EBI, 3 x 10-5 M.
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appears to occur concomitantly with the decrease in the
double-stranded content of DNA. As the case is apparently
with denatured D N A , such decreases in the available binding sites results in an increase in the probability for interaction between drug molecules intercalated in the remaining
sites, since clearly substantial amounts of drug remain
bound to D N A for temperatures as high as 90'.
For temperatures below 70°, the double-stranded structure of D N A is maintained intact and the amount of intercalated dye remains nearly constant. It is also quite clear
that no significant change in the factors which influence the
circular dichroism of the complex near 307 nm takes place
until thermal dissociation of the D N A strands is initiated
near 75'.
Circular Dichroism of DNA-Ethidium Complex near
515 nm. A totally different dependency of the circular dichroism of the 0.07 complex on temperature is noted near
515 nm (Figure 4). The molar circular dichroism of the
complex appears to decrease constantly and evenly over the
entire range of temperatures used, though almost all the decrease in the binding of ethidium occurs sharply over the
75-90' region. The decrease in ellipticity near 515 nm,
which apparently results from thermally induced changes in
the conformation of the complex, is entirely consistent with
the postulated origin of the circular dichroism in this region, namely the interaction between individual ethidium
molecules with the surrounding nucleotide base pairs (Aktipis and Kindelis, 1973). Any redistribution of the intercalated molecules occurring during melting, which alters the
probability that two dye molecules bind to neighboring sites
and produces the increase in circular dichroism noted near
307 nm, would not be expected to appreciably influence ellipticities a t 5 15 nm.
The appearance of optical activity near 5 15 nm requires,
of course, that bound dye molecules are held in a relatively
rigid manner, which confers a definite asymmetric character to the binding site. Therefore, it is reasonable to assume
that the decrease of the circular dichroism a t this wavelength with increasing temperatures relates to changes in
the conformation of the complex. However, because of the
intrinsically low circular dichroism of the complex near 5 15
nm as well as the decrease in the effective concentration of
the complex a t temperatures associated with dissociation of

C."C
FIGURE 5: Dependence of the binding of ethidium to D N A (right or-

dinate) (- - -), the ellipticities a t 307 nm (-) (left ordinate). and the
absorbancies a t 260 nm
.) (right ordinate) on temperature for a n
added ethidium/DNA ratio of 0.10. Ellipticities are calculated on the
basis of the concentration of DNA-bound ethidium. [EB], 3 X
M.
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FIGURE 6 : Dependence of the binding of ethidium to D N A (right ordinate) (- - -) and the ellipticities a t 307 nm (left ordinate) (-) on
temperature for an added ethidium/DNA ratio of 0.30. Ellipticities
are calculated on the basis of the concentration of DNA-bound ethidium. [EB], 3 X
M.

D N A strands, it is difficult to obtain accurate quantitative
data for this wavelength a t melting temperatures. It is clear
though that an increase parallel to that noted for the circular dichroism of the complex a t 307 nm above 75' is definitely not occurring at 515 nm.
Circular Dichroism of DNA-Ethidium Complex at
Higher Ethidium to D N A Ratios. Results generally analogous to those obtained a t an r of 0.07 are also observed a t
slightly higher ratios. A t 0.10, for instance, the dependence
of the circular dichroism a t both 5 1 5 nm (Figure 4) and 307
nm (Figure 5) on temperature is similar to that obtained at
0.07. The deviation in the behavior of the two complexes is
limited to the expected difference, namely, that the dissociation of the complex for the 0.10 ratio begins at somewhat
lower temperatures as it can be seen from comparison of the
temperature optical density profile a t 460 nm for the 0.07
ratio with that of the 0.1 ratio (not shown here).
A t a ratio of 0.30 (Figure 6), however, significant differBIOCHEMISTRY, VOL.

14,

NO.

2, 1975
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ences in the behavior of the circular dichroism a t 307 nm
are noted. Although increases in ellipticities do not level off
at the same temperature for all complexes, some useful
comparison between the ellipticities of complexes with different ratios can be made below 90”. Specifically, the increase in the ellipticity of the 0.30 complex within the melting range is smaller, i.e., twofold, between 80 and 90°, than
it is for the 0.07 ratio for which the ellipticity increases by a
factor of 3 between 75 and 90”. For the latter complex, as
the melting of the double-stranded complex begins, apparently considerable redistribution of the intercalated ethidium molecules is feasible, leading to increased binding of
the dye on the remaining double-stranded regions of the
polynucleotide.
The ellipticity at 307 nm is strongly dependent on the
molar ratio of ethidium bromide bound to D N A over phosphate at room temperature ( r ) (Aktipis and Martz, 1970;
Dalgleish et al.. 1971) or, to phrase it differently, the ellipticity at this wavelength is highly sensitive to the density
with which a particular polynucleotide region is “packed”
with ethidium bromide molecules. This accounts for the low
tl - cT values obtained a t room temperature for the DNAethidium bromide complex a t an r of 0.07 and the higher
ellipticities obtained a t higher ratios of bound drug. Furthermore during melting of the complex a t low ratios the redistribution of a constant number of ethidium bromide molecules over a decreasing number of sites suitable for intercalation leads to an increase in the density of “packing” of
the D N A helix with dye molecules and, therefore, results in
increased ellipticities. I n contrast, a t the higher ratios the
sites of D N A available for ethidium bromide intercalation
are nearly saturated a t room temperature. Therefore, any
redistribution of ethidium bromide molecules during melting would not change the density of intercalated molecules
to a degree sufficient to produce changes in circular dichroism as extensive as those noted for the lower ratios.
Nevertheless, the twofold increase noted in the ellipticity
of the 0.30 complex between 80 and 90” is indicative of the
fact that considerable dye redistribution also takes place for
this complex during melting. Such redistribution is possible
because, although at this ratio D N A is about 80% saturated
with ethidium bromide molecules a t 25”, as the temperature is increased to 80”. these molecules dissociate leading
to a complex of an actual ratio of approximately 0.14 (Figure 6). Thus, redistribution of the dye becomes again possible over the melting range of 80-90”.
A more striking difference i n the optical properties of the
0.07 and the 0.30 complexes is, however, noted if the
change in ellipticities for these two complexes is compared
a t 25 and 90’. Between these two temperatures the ellipticity of the 0.07 complex is increased by a factor of 3 while
the overall increase in the ellipticity of the 0.30 complex appears to be negligible. This more pronounced difference in
the properties of these two complexes is partly obscured if
consideration is given to the changes which occur over the
melting temperature region only. This treatment, however,
introduces some distortion bccause of the decrease in ellipticity of the 0.30 complex that occurs between 25 and 80’.
This decrease, though, is unrelated to the rearrangement
which occurs during melting and simply results from the
thermally induced dissociation of ethidium bromide prior to
melting (Figure 6). Such dissociation produces an increase
in the average distance between bound ethidium bromide
molecules which results in a decrease in interactions between intercalated molecules and therefore a concomitant
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decrease in the circular dichroism of the complex (Aktipis
and Kindelis, 1973).
In an attempt to provide a more clear-cut and elegant
demonstration of the small effects of temperature on the
circular dichroism of DNA-ethidium complexes for which
reintercalation of the dye is not feasible the circular dichroism properties of complexes with ratios ( r ) higher than
0.3 were also examined. However, for the ethidium bromide
concentrations used in these series of experiments, complete
binding of the dye to D N A cnnnot be maintained at elevated temperatures even a t ratios considerably higher than 0.3.
If, in order to achieve constant binding, substancially larger
concentrations of DIVA are used, i.e., 2 X
M , extreniely high optical densities are obtained especially at the higher ratios ( r ), making the determination of temperature-optical density profiles at 260 nm awkward. In view of these
considerations the results obtained with the 0.3 complex appear to be, experimentally at least, the most desirable compromise.
Discussion
The circular dichroism properties of the DNA-ethidium
complex a t elevated temperatures provide additional support for the notion that the circular dichroism of the complex near 307 nm originates from interactions between intercalated ethidium bromide molecules in neighboring sites
as suggested previously (Aktipis and Martz, 1970; Dalgleish et al., 1971; Aktipis and Kindelis. 1973). The properties of the circular dichroism near 515 nm are also consistent with and support the suggestion that circular dichroism
i n this region results from interactions between individual
ethidium bromide molecules with the surrounding nucleotide pairs (.4ktipis and Kindelis, 1973). Thus, it appears
that while the induced optical activity at 307 nm depends
upon the spatial relationship that exists among intercalated
dye molecules, the circular dichroism near 515 nm is a
property of individually bound ethidium bromide molecules.
The variation noted in the circular dichroism of the
DNA-ethidium bromide complex near 307 nm provides
also some insight into the mechanism of the melting process
for this complex. Free D N A can be vieNed as consisting of
“regions” of nucleotide sequences of certain overall base
composition which are surrounded by other “regions“ of
different composition and, therefore, different thermal stability. The melting temperature of each “region,” although
influenced by the surrounding sequences. is priniaril) dcpendent on the base composition of the region. Thus, upon
heating, AT-rich “regions” would be expected to melt first
and GC-rich “regions” later. The stepwiae nature of the
melting process has been inferred by denaturation mapping
in which the D N A molecule is induced to melt at room ternperature by suitable adjustment of the pH (Inman and
Schnos, 1970). The same conclusion has also been reached
by preventing the reannealing of partially melted DNA by
reaction with formaldehyde (Inman, 1966) or by quenching
at low ionic strength (Fuke et a / . , 1970).
The changes in the circular dichroism of the DNA-ethidium bromide complexes of various composition suggest
that these complexes also melt in blocks depending on local
nucleotide composition of the parent D N A . The presence of
the ligand. however, is expected to influence the process of
melting. Specifically, the phase transition boundary of each
“region” is expected to shift to higher temperatures in the
presence of ethidium bromide since dyes are k n o w n to preferentially stabilize the helix form over the random coil form
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of D N A (Gersch and Jordan, 1965). The shift in the melting boundary for every region, though, may be the same
since ethidium bromide does not exhibit any base specificity
with respect to nucleotide binding (Waring, 1965b).
Thus, the melting of the DNA-ethidium bromide complex appears to take place in a manner generally similar to
that of free D N A in the sense that AT-rich regions of the
complex dissociate first while GC-rich “regions” are still
maintaining a double-stranded conformation. The dye molecules dissociated from the AT-rich region of D N A during
the initial stages of melting are apparently reintercalated
within GC-rich regions which are still intact producing the
increase in ellipticities which accompanies the melting of
the complex. This notion is also supported by the observation that the fluorescence of intercalated proflavine undergoes a sharp increase a t elevated temperatures. This increase has been interpreted as indicative of the interaction
between dye molecules, released from melted regions, with
sites in the remaining D N A regions which maintain a double-stranded structure (Daune and Chambron, 1968).
The behavior of the circular dichroism of the DNA-ethidium bromide complex a t elevated temperatures also satisfactorily explains the higher ellipticities noted near 307 nm
for complexes formed between the dye and thermally denaturated D N A . An analogous increase in the magnitude of
the Cotton effect was previously observed for the denatured
DNA-proflavine complex and was reported without comment (Blake and Peacocke, 1966). The increase in the circular dichroism of the denatured DNA-ethidium bromide
complex, as well as, in retrospect, the increase in the circular dichroism of the corresponding proflavine complex are
easily explained if the conformational characteristics of denatured D N A are taken into account. Denatured D N A consists of regions of double-stranded helix separated by other
less organized regions which are described as random coil
structures. For this reason, the denatured DNA-ethidium
bromide complex contains, for each and every ethidium
bromide to D N A ratio examined, a decreased number of
primary binding sites as compared to native D N A . This decrease in the overall number of binding sites, however, enhances the probability that dye molecules will be “packed”
more densely within the remaining intact helical regions.
The resulting increase in the probability for interaction between intercalated molecules produces the enhanced optical
activity noted over the 300-360-nm region for the denatured DNA-ethidium complex.
The inhibitory effect of ethidium bromide on the function
of D N A polymerase may bel a t least partly, due to the stabilization of the D N A double helix. The thermal dissociation of the helix in the presence of ethidium bromide appears to take place in a manner analogous to that of free

D N A , i.e., the melting process is characterized by a temperature region in which helix and coil regions coexist a t finite equilibrium concentrations (Poland and Scheraga,
1966). The presence of ethidium bromide apparently shifts
the melting region to higher temperatures without affecting
the differences in the stabilities of double-stranded regions
of different nucleotide composition. Thus, ethidium could
be viewed as a component which, when added to replicating
D N A , interferes with the dissociation of the double helix
without changing the sequence by which various regions of
the helix undergo dissociation prior to replication.
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