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Synopsis 
The solution complexes of ethidium bromide with nine different deoxydinucleotides 

and the four self-complementary ribodinucleoside monophosphates as well as mixtures 
of complementary and noncomplementary deoxydinucleotides were studied as models 
for the binding of the drug to DNA and RNA. Ethidium bromide forms the strongest 
complexes with pdCdG and CpG and shows a definite preference for interaction with 
pyrimidinepurine sequence isomers. Cooperativity is observed in the binding curves 
of the self-complementary deoxydinucleotides pdC-dG and pdG-dC as well as the ribo- 
dinucleoside monophosphates CpG and GpC, indicating the formation of a minihelix 
around ethidium bromide. The role of complementarity of the nucleotide bases was 
evident in the visible and circular dichroism spectra of mixtures of complementary and 
noncomplementary dinucleotides. Nuclear magnetic resonance measurements on an 
ethidium bromide complex with CpG provided evidence for the intercalation model for 
the binding of ethidium bromide to double-stranded nucleic acids. The results also 
suggest that ethidium bromide may bind to various sequences on DNA and ItNA with 
significantly different binding constants. 

INTRODUCTION 

Ethidium bromide-nucleic acid complexes have been extensively studied 
by a variety of techniques.l-’ It is generally accepted that the strong 
mode of binding of ethidium bromide (Figure 1) to  double-stranded nucleic 
acids occurs by intercalation of the planar phenanthridinium ring between 
adjacent base pairs. The intercalation model was proposed by Lerman8 
and in the past decade a variety of drugs have been shown to interact with 
DNA in this manner. A variety of physicochemical measurements have 
been used to  determine if a drug molecule intercalates into the DNA helix. 
Often a drug is assumed to  intercalate if the observed effect is similar to  the 
effect produced by ethidium bromide or the aminoacridine dyes. For 
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Fig. I .  Structural formula of  ethidiutn bromide 

example, a decrease in the sc>dimmtation coefficient and an increase in the 
viscosity of DNA upon the addition of the drug indicates int~rcalat ion.~ 
The interaction of a drug with supcrhelical closed circular DNA is also a 
good means of dctcmiining if a drug intcrcalatcs. Tht. intercalation 
model is not universally acccptcd and othm models havc been p r ~ p o s e d ’ ~  
including one in which the aromatic hctcrocyclic rings are located on the 
outside of thc helix.I4 Thc present clxpcrimc.nts \wre designed to  determine 
the naturc. of the cthidium bromide-nuclcic acid complex using dcoxy and 
ribose dinuclcotidcs as models for DNA and RNA, respcctivcly. Wc havc 
rcwntly investigated thc interaction of actinoniycin D with a series of 
dcoxydinucleotides. 15- lG Actinomyein D forms a complex n i th  two pdG- 
dC dinucleotidcs in a roopcrativc fashion: me intcrprcted this as support- 
ing evidcncc. that actinomycin D forms an intercalated complex with 
DNA.* l7 IX Our actinomycin D cxpcrimc ‘ l f i  also suggested that the 
dinuclcotidcs could be used as a good modd .m to investigate the nature 
of the drug-DNA complex. Thc prcsmt c.xperimcnts support this observa- 
tion and providc additional information conccming the possible sequence 
preferences of the interaction of clthidium bromidc with nuclcic acids. 

EXPERIMENTAL 

Ethidium bromide and the ribodinuclcosidc monophosphates were 
purchased from Sigma Chemical Company; the deoxydinucleotidcs \liere 
purchased from Collaborative Rcscarch, Inc. Ethidium bromide and the 
deoxydinuclcotides were dissolved in a .j-mU, pH 7.1, PIPES buffer 
[piperazinc-N-N’-bis(‘.‘-cthanc sulfonic acid) monosodium. dihydrate, Cal- 
biochcm A grade]. The ribodinuclcosidc monophosphates n (ire dissolvcxd 
in a 5-mdl potassium phosphate huffcr i n  D20, pH(mctcr) = 7.0 in order to  
facilitate nuclear magnctic r(’soiianc(’ cxpcrimcnts. E’or the visible spectral 
titrations 2-ml aliquots of the cthidium bromidc stock solution wcre gen- 
crally used; the nuclcotidcs n-c’rcx addcd with a Hamilton microliter syringe 
through a prccquilibratcld rubber scxptum on the optical cell. The spectra 
were corrected for thc dilution effect of the addition of thc. nucleotidcs. 
The concentration of thc cthidium bromide solutions was determined 
spc.ctrophotomctrically, using ~ 1 8 0  = 5600. l 9  For the visible spectral titra- 
tions thc concentration of thc vthidium bromidc was kept in the region 
whcrc. the. absorbanw was linearly dqwndent on roncmtration. The con- 
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centrations of the nucleotide solutions were also determined spectrophoto- 
metrically, using the extinction coefficients supplied by Collaborative 
Research and P-L Biochemicals. We estimate that the uncertainty in the 
extinction coefficients. supplied by Collaborative Research is f 10%. Sev- 
eral of the deoxydinucleotides contained a small amount of an impurity 
that absorbed visible light even after the solutions were filtered through an 
8-pm Millipore filter. The 
visible spectral titrations were performed on a Cary model 14 spectro- 
photometer with a Forma model 2095-2 temperature regulator. The spec- 
tra were recorded in a 1-cm cell, with the temperature regulated a t  25°C. 
The visible spectra of the solutions used in the circular dichroism (CD) 
experiments were usually recorded in a 2-mm cell and were measured a t  the 
same (bath) temperature used for the CD measurements. The circular 
dichroism measurements were performed on a Cary-60 spectrophotometer 
with a Cary model 6002 circular dichroism attachment using 1-mm thermo- 
statted cells. The 
nuclear magnetic resonance spectra were measured on a JEOL PFT-100 
100-AIHz Fourier transform nmr spectrometer. 

The spectra were corrected for this impurity. 

The 19 values are direct readings from the recorder. 

RESULTS 

The change in thc absorbance of rthidium bromide a t  460 nm is plotted 
in Figure 2 against increasing deoxydinucleotide concentration for a series 
of deoxydinucleotides. The most salient feature of these data is the striking 
difference between the titration curve of ethidium bromide with pdC-dG 
as compared to any other deoxydinucleotide. The difference in the 
association of ethidium bromide with the sequence isomers pdC-dG 
and pdG-dC is evident in the data in E'igure 2 .  The difference curves for 
the four self-complementary deoxydinucleotide complexes with ethidium 
bromide had essentially the same overall shape. All four curves had a 
minimum in the 460-nm region, a maximum at  -540 nm, and crossed 
through zero in the 495-510 nm region. However, the amplitudes of AA at  
the minimum and maximum points (-460 and -540 nm) were quite de- 
pendent upon the nature of the dinucleotide as indicated by the data in 
Figure 2. The analysis of the data in terms of equilibrium constants is not 
straightforward. Double reciprocal plots and computer analysis show that 
the titration curves for the self-complementary deoxydinucleotides pdC-dG 
and pdG-dC are not hyperbolic. Within experimental error, the pdA-dT 
and pdT-dA titration curves a t  25OC are well represented by a hyperbolic 
binding curve. A comparison of the nuclcotide concentrations that pro- 
duce a change in thc absorbance equal to one-half of the extrapolated 
maximum change in absorbance providcs a qualitative measure of the 
relative binding constants. Using this criterion, the data in Figure 2 show 
that pdC-dG binds the strongest of all the deoxydinucleotides tested. A 
comparison of the binding curves for the sequence pairs pdC-dG and pdG- 
dC, pd'r-dG and pdG-dT (3 and 7), and pdT-dA and pdA-dT (4 and 6) 
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Fig. 2.-Effect of various deoxydinucleotides on the absorbance of ethidium bromide 
a t  460 nni (25°C). I-pdA-dG; 2-pdG-dA; ,:-pdT-dG ; 4-pdT-dA; 5-pdC-dA; 
6-pdA-dT; 7-pdG-dT; 8->'-dGLlP; $->'-dAMP. The ethidium bromide con- 
centration at the start  of each titration was 2.7 X AT. 

indicates that  ethidium bromide binds to the dinuclcotides with a pyrimi- 
dine-purine scqucncc stronger than to  their respective sequence isomers 
in these dinucleotide pairs. Thc association of thc ethidium bromide and 
the self-complcmentary ribodinucleotide monophosphatcs provides even 
morc striking results as shown in Figurt. 3. Once. again the CpG scquencc 
shows the strongest binding of the four self-complementary dinuclrotides, 
although all four of these dinuclcotidcs will form a complex with ethidium 
bromide. Thc difference curves for thew complexes arc shown in Figure 4. 
These curves have approximately the same overall shape cxccpt that the 
magnitude of the induced spectral change for complex formation of cthi- 
dium bromide with CpG is much larger than with the other nuclcotidcs (at 
25°C). A consideration of thc nuclcotidc concentrations that produce a 
half-maximum changc in the absorbaiicc indicates that ethidium bromide 
binds stronger to  CpG when compared to GpC. A morc dctailrd analysis 
in terms of binding constants requires a number of assumptions and will not 
be prescntcd. 
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Fig. 3. Effect of the self-complementary ribodinucleoside monophosphates on the 
The ethidium bromide concentration absorbance of ethidium bromide at 460 nm (25°C) .  

at the start  of each titration was 2.7 X lop4 A l .  
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Fig. 4. Difference curves for the ethidium bromide complexes with the ribodinucleoside 
The curves were calculated point by point from a spectrum obtained 

The final nricleotide concentrations were CpG (2.7 mM), 
monophosphates. 
a t  the end of each titration. 
GpC (2.7 mAl), UpA (4.7 mM), and ApU (6.3 mM). 

Preliminary studies on complexes of actinomycin D with selected dcoxy- 
dinuclcotidcs had shown that circular dichroism provides potentially usc- 
ful information about these systems (H. E. Auer and T.  R. Krugh, un- 
published results). Circular dichroism studies on rthidium bromidc- 
dinuclcotide complexes arc especially interesting because cthidium bromide 
by itself is optically inactive. When ethidium bromide binds to double 
stranded nucleic acids a characteristic induced circular dichroism spectrum 
is observed in the 300-600 nm r ~ g i o n . ~ , ~ o - ~ ~  The induced circular di- 
chroism spectra of c.thidium bromide in the 300-600-nm region for com- 
plexes with the self-complementary nucleotides dC-dG, CpG, and UpA arc 
shown in Figures 5 and 6. These spwtra arc very similar tcJ the published 
CD spectra for cthidium bromide bound to double-stranded DNA and 
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Fig. ,i. Induced CD spectra of ethidium bromide upon addition of CpG and dC-dG 
The samples were 0.73 niM EB and 2.3 mM 

Both samples were dissolved in a DzO 
The 8 values are 

Note that the scale of the ordinate has been ex- 

in a 1-mm thermostatted cell a t  3°C. 
CpG and 0.75 mAf EB and 3.2 m X  dC-dG. 
potassium phosphate buffer (3  mM) pl> = 7.4 (pH meter + 0.4). 
direct readings from the recorder. 
panded below the zero level. 

Fig. 6. Induced CD spectrum of ethidium bromide (0.41 mill) upon addition of UpA 
(2.0 mM) in a 1-mm cell a t  0°C. A similar sample containing ethidium bromide (0.41 
m X )  and ApU (2.4 m X )  did not exhibit an induced CI) spectrum in the 300-600-nm 
region. 

RNA, providing a good indication that the geometries of the complexes 
formed between ethidium bromide and thc dinuclcotides are very similar to 
the geometry of the DNA and RNA rthidium bromide complexes. Under 
the conditions used in Figuro 6 the nucleotide ApU does not induce a CD 
spectrum in ethidium bromidr. The observation of a CD spectrum ap- 
pears to  be correlated with the shift in thc absorption maximum of ethidium 
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Fig. 7. Induced C D  spectra of solutions of ethidium bromide (0.37 mM) with 8 mM 
pdT-dA (curve f )  and 8 mM pdA-dT (curve 2) a t  2OC in a l-mm cell. 

2 4  I 

Fig. 8. Induced CD spectra of ethidium bromide (0.41 mM) upon addition of the 
complementary nucleotides pdT-dG (1.2 mM) + pdC-dA (1.2 mM) in a l-mm cell a t  
0°C. A mixture of the noncomplementary nucleotides pdT-dG + pdA-dC (both 1.2 
mM) and ethidium bromide (0.41 mM) gave rise to curve 3' under identical conditions 
used above. Curve 2 is the induced circular dichroism spectrum for a solution of 
ethidium bromide (0.41 mM) and the complementary nucleotides pdG-dT (2.7 mM) + 
pdA-dC (2.6 mM) containing the purine-pyrimidine sequence. 

bromide (EB) as it forms a complex with the nucleotides. The UpA + E B  
solution had a A,,, = 513 nm (0°C) while the ApU + EB solution had 
A,,, = 488 nm. The association of pdT-dA and pdA-dT with ethidium 
bromide also demonstrates the apparent correlation of the shift in A,,, 
beyond -495 nm and the observation of a CD spectrum. A solution of 8- 
mM pdT-dA and 0.37-mM E B  had A,,, of 485 nm a t  25°C and essentially 
no induced CD spectrum. Upon cooling to 2°C the absorption maximum 
shifts to  515 nm, and a CD spectrum is observed (curve 1 of Figure 7). On 
the other hand, a solution of 8-mM pdA-dT and 0.37-mM E B  has a A,,, of 
-485 nm a t  25°C and shifts only to  498 nm at 2°C with the concommitant 
induction of the CD spectrum shown in curve 2 of Figure 7. 

The role of complementarity is nicely demonstrated by a comparison of 
the visible and circular dichroism spectra of mixtures of complementary and 
noncomplementary nucleotides. The induced circular dichroism spectrum 
of ethidium bromide in a solution of the complementary nucleotides pdT-dG 
and pdC-dA is shown in Figure 8 and is in sharp contrast to  the very weak 
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Fig. 9. Comparisons ainorig the fractional changes in the visible spectrum of ethidium 
bromide at 480 and 540 nm (AA/AA,,,) and the fractional CD observed (0/Oma,.) at 
310, 320, and 330 nm. H ,  vis(460): N ,  vis(540); S, CD(310); 
I,, CD(320); 0, C1)(:330). The data were scaled by defining the observed values of AA 
and 0 at 2.4 niAf CpG as AAmax arid e,,,,. The experiments were performed at 2°C in a 
1-mm cell with an ethidiuin bromide concentration of 4.6 X lW4 A l .  

The symbols i i sd  are: 

C D  spectrum observed for a solution of ethidium bromide with the non- 
complementary nucleotides pdT-dG and pdA-dC (curve 3 of Figure 8). A 
solution of the complementary dinuclcotidcs pdG-dT and pdA-dC (purine- 
pyrimidine sequence) with cthidium bromide gave rise to  curve 2 of Figure 
8. The absorption maximum of cthidium bromide was 308 rim for the mix- 
ture of the complementary pyrimidine-purine sequence dinuclcotides 
pdT-dG + pdC-dA; for t h r  noncomplcmentary mixture pdT-dG + pdA- 
dC, A,,,,, was 489 nm; and for the mixturcx of th r  purine-pyrimidine se- 
quence dinuclcotidcs pdG-dT + pdA-dC, x,,,,, was 498 nm. There ivas no 
appreciable induced circular dichroism observed for solutions of ethidium 
bromide and any one of the nucleotides uscd in Figurc 8. 

For the titration of ethidium bromidc with CpG the fractional change 
in the visible spectra (A.4/AA,,,,,) is fairly well corrclatcd with the cor- 
responding fractional C D  obscnc.d (e/e,,,,,) as shown in Figurc 9. Thr  
460-nm data and thc 540-nm data from thc visiblc spectra tcnd to  bc on 
either sidc of the CD data takcii a t  310, 320, and 330 nm. Within c.xpcri- 
mental crror, the fractional incrcasc. in  thc CD data at cach of these wave- 
lengths was thc Sam(’; this mdicatc.s that thc CD bands cmtercd at 303-310 
nm and -330 nm arc simultaneously induced throughout thc titration. 
Thc shift in tlw absorption maximum is also corrchtcd to  the fractional 
change in the visible spectrum (ALl/AA,,,, ,) and the. fractional CD observed 

The CD spectrum for an EB + dG-dC solution is shown in Figure 10. 
Although the magnitudc o f  th(1 induced circular rlzchrozsiii of the EB + 
dG-dC solution (A,,,, = 305 nnl at 3°C) 15 much less than for the corrc’spon- 

(e/onIax). 
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Fig. 10. Induced CD spectrum of ethidiriin bromide (0.76 mitl) upon addition of dG-dC 
(2.7 mJI)  in a 1-mm cell at 3°C. 
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Fig. 11. Induced CD spectxum o f  it11 ethidium bromide 10.75 IIIM) solrition with 3.1 
mM GpC at 3°C in a 1-mi11 cell. 

ding EB + dC-dG solution shown in Iiigure ti (with A,,, E 515nm), there 
still appears to be positive bands at  -310 and -330 nm (Figure 10). The 
induced CD spectrum of an EB + GpC solution is shown in Iiigurc 11 
and is in contrast to all thc other CD spectra rclcordcd to date. Thc small 0 
values should be compared to th(. CD spcctrum of an EB + CpG solution 
(E'igurc 6). The GpC-EB complcx exhibits a small positive band a t  -380 
nm and a negative band a t  330 nm. 

The nuclear magnetic resonance spectra of cthidium bromide, thc 
nucleotide CpG, and thc E B  + CpG solution arc shown in Figure 12. The 
HI and H10 protons of ethidium bromide are doublets ( J H I , H P  Z JHS.HIO 
8.5 Hz) but appear in the spectra as the downficld triplet due to  overlap of 
two of the peaks. The asymmt3tric triplet next t o  the HI and H10 protons 
is assigned to  thc meta and para protons of cthidium bromide while the 
upfield peak in the aromatic region is thc H7 proton. These assignments 
are in agreement with the previous work of Krcishman et a1.2s In  forming 
the EB-CpG complex it is obvious that sevmal of the ethidium resonances 
are shifted upfield. Thcse shifts arc a result of the magnetic shielding 
effects of the guanine and cytosinr rings and may be used to  determine the 
geometry of the complex (for a discussion and illustration of these tech- 
niques see Refs. 16 and 26). Thc H7 proton has been shifted upfield a t  
least 0 8 ppm (and disappears under thc nucleotide resonances) while the 
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H1 and HI0 protons are shifted upfield -0.6 ppm. The meta and para 
protons of the phenyl ring are relatively unchanged while the H2, H4, H9, 
and ortho protons are shifted upfield by varying amounts. In addition, the 
methyl resonance is shifted upfield -0.1 ppm. The magnitude and direc- 
tion of these shifts are only consistent with the stacking of the guanine and 
phenanthridinium rings. The presence of 1 Ai' KaC1 does not significantly 
alter either the CD or the nmr spectra (although it does diminish the ap- 
parent binding constants both here and with the binding of ethidium 
bromide to  DKA and RNA). Finally, when ethidium bromide binds to  
double-stranded DXA and RNR the helix is stabilized with respect to 
thermal This effect has also been observed for the 
binding of ethidium bromide to CpG by directly observing the S H  proton 
of guanine in a solution containing 0.02 111 EB and 0.04 CpG in HzO, pH = 

7.0. In  a solution containing 
only CpG the XH proton rapidly exchanges with solvent water protons and 
is unobservable. If this proton forms a hydrogen bond, then the exchange 
rate is diminished and a broad low-field resonance appears. The observa- 
tion of the NH proton almost certainly indicates the formation of Watson- 
Crick base pairs between the complementary cytosine and guanine bases on 
opposite nucleotides (e.g., Ref. 27). In  the present experiments the eth- 
idium acts as a nucleation center for helix formation between complemen- 
tary nucleotides and therefore effectively stabilizes the helix. 

(T. R. Krugh, manuscript in preparation). 

DISCUSSION 

The data clearly show that ethidium bromide is able to disciminate and 
preferentially bind to deoxydinucleotide and ribodinucleoside monophos- 
phate sequence isomers. The CpG binding curve is unique in both the 
deoxy and ribose dinucleotide titrations a t  25°C; this nucleotide binds the 
strongest of all the nucleotides tested. The ribodinucleoside monophos- 
phates generally appear to bind slightly stronger than their deoxy analogs, 
but the data presented in Figures 2 and 3 involve deoxydinucleotides 
(e.g., pdC-dG) and ribodinucleoside monophosphates (e.g., CpG) so that we 
cannot directly compare the deoxy and ribodinucleotide data because the 
terminal phosphate of the dinucleotides increases the solubility of the 
compounds and decreases the strength of the interaction. The sigmoidal 
shape of the titration curves indicates that ethidium bromide forms a 
complex with more than one CpG molecule in a cooperative manner. The 
similarity of the circular dichroism and visible spectra of the complexes of 
ethidium bromide with certain of the dinucleotides in the present study to 
the spectra reported in previous studies with DNA and RNA provides a 
good indication that the dinucleotides (both deoxy and ribo) serve as good 
model compounds for the nucleic acids. Two complementary nucleotides 
must bind 1 o an ethidium molecule in order to form a double helix, and thus 
it is inappropriate to discuss the complexation of ethidium bromide with 
the dinucleotides in terms of only a single binding constant. All of the 
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Fig. 12. 100-MHz proton Fourier transform nmr spectra of 0.9 mM CpG (top); 
2.3 mM CpG + 0.75 -iM EB (middle); and 0.75 mM EB (bottom). The spectra 
were run a t  25OC with a 180-2-90 (accumulate) pulse sequence to minimize the residual 
HDO peak. The'use of this pulse sequence accounts for the small H7 peak since it has 
a longer TI value than the other EB ring protons. The movement of the peaks has also 
been followed by the incremental addition of the CpG. The samples were dissolved in 
a D 2 0  potassium phosphate buffer (5 mM) and the pD was adjusted to 7.4 (pH meter 
reading + 0.4). The small amount of dimerization present in the ethidium bromide 
solution (bottom spectrum) does not significantly affect the appearance of the spectrum. 
The induced chemical shifts of the various ethidium protons given in the text were cal- 
culated on tlie basis of the infinite dilution chemical shifts. 

ethidium-nucleotide complexes are stabilized at low temperature, which is 
why the CD spectra were recorded a t  0-3°C. Even a t  these low tempera- 
tures, the noncomplementary dinucleotides did not inducc a CD spectrum 
(e.g., Figure 8) or shift the absorption maximum beyond -490 nm, al- 
though they do form complexes with ethidium. On the other hand, the 
complexes of ethidium bromide with the complementary dinucleotides 
pdC-dG, pdG-dC, CpG, GpC, UpA, pdT-dA, and pdA-dT do exhibit a cir- 
cular dichroism spectra in the 300-400-nm region. The magnitude of the 
induced CD for these complexes appears to be correlated with both the 
fractional change in the absorbance at 460 nm and the shift in the absorp 
tion maximum of the ethidium bromide-dinucleotide solutions. This 
behavior is consistent with the ethidium bromide molecule acting as a 
nucleation center for the formation of a helix by two complementary di- 
nucleotides. The results obtained with the complementary mixtures of 
dinucleotides (Figure 8) also buttress the conclusion that complementary 
nucleotides form a minihelix around an ethidium bromide molecule. The 
nmr spectra (Figure 12) of the solutions used for the visible and circular 
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dichroism studies conclusively show that the complex formation involves a 
stacking of the ethidium bromide phenanthridinium ring and the nucleotide 
bases. These experiments thus provide strong support for the intercalation 
model of the ethidium bromide complex with nucleic acids. Any form of 
“outside binding”14 of the ethidium to the nucleotides is inconsistent with 
the present results. Although more experiments are required to  determine 
the exact type of complex formed, the present data are consistent with the 
model proposed by Fullcr and WaringZ8 in which the phcnanthridinium ring 
is intercalated bctwcen adjacent base pairs. 

The pdG-dC and GpC binding curves also appcar to  have a sigmoidal 
shape, which is consistrnt with the formation of an intercalated type 
complex, especially a t  low temperatures. It is more difficult to  investigate 
the pdT-dA and pdA-dT complexes with ethidium bromide because these 
nucleotidrs tend to bind weakcr than their respective guanine-cytosine 
nuclcotidr analogs. In  thc formation of an intercalated complex with the 
adenine-thymine or adenine-uracil nuclcotides, four hydrogen bonds will be 
formed betwern the two self-complementary dinucleotides. The guanine- 
cytosine dinucleotides can form six hydrogen bonds between the comple- 
mentary bases. On this basis we would expect to  observe a smaller degree 
of cooperativity (and reduced binding affinity) in the interactions of the 
drugs with thc adenine-thymine or adenineuracil dinucleotides as com- 
pared to  the guanine-cytosine dinucleotides. As a result, the cxperiments 
with ethidium bromide reported here provide the most insight when com- 
paring sequence isomers such as CpG and GpC or pdT-dA and pdA-dT. 
In  both the visible and circular dichroism expcriments, ethidium bromide 
has demonstrated a preference for binding thc pyrimidine-purine sequence 
dinucleotides (such as pdC-dG) as opposed to the purine-pyrimidine se- 
qucncc dinucleotides (c.g., pdG-dC). This generalization holds for mix- 
turrs of the dinucleotides as ~ 4 1 .  Wc wish to  emphasize that it is clear 
from both thc present data and other studies with DKA and RSA1-6,29 that 
ethidium bromide will bind to sequences other than pyrimidine-purine 
sequences. However, the present data suggest that ethidium bromide may 
bind to  the various sequrnccs available as intercalation sites on DIYA and 
RNA with significantly different binding constants. 

Experiments dealing with ethidium bromide intercalation into DNA or 
RNA are not expected to  be conclusive with respect to  the question of 
whether ethidium bromide exhibits a single binding constant for all the 
possible base sequences or whether there is a significant range in the binding 
constants for the various sequences. The standard use of Scatchard plots 
to  determine the number of binding sites and the binding constants works 
well only when the binding constants are either identical or very different 
(e.g., Refs. 30-32). It is easy to  show that the binding constants could 
easily vary over a range of a factor of 20 or more and produce Scatchard 
plots that closely approximate the reported Scatchard plots. The analysis 
with DSA and RXA is additionally complicated by the apparent electro- 
static binding, which may be suppressed by the addition of salt (>0.1 114). 



EB-DINUCLEOTIDE COMPLEXES 209 

However, the salt also drastically influences the binding constants and the 
thermodynamic changes associated with the binding to  DNA6 and RNA.20 
The net result is that experiments with native DNA or RNA under physi- 
ological conditions are unable to determine if various sequences bind 
ethidium bromide stronger than others. Experiments with synthetic 
DNA's of defined sequence should help to answer this question. The pos- 
sibility that relatively simplc molecules may possess sequence specificity 
may turn out t o  be important in the physiological action of the drugs. 
With respect to  the unusually strong binding of ethidium bromide to  the 
dinucleotides dC-dG and CpG it is interesting to  note that ethidium bro- 
mide can act as a cooperative effector to  reverse the salt-induced conforma- 
tional change in a synthetic DNA that contains only dC-dG and dG-dC 
sequences, poly(dG-dC) . (dG-dC) . 3 3  Preliminary experiments with pro- 
flavine and quinacrine. HC1 did not produce effects comparable to  the 
cooperative binding of ethidium bromide to  poly(dG-dC) . (dG-dC) at high 
salt c ~ n c e n t r a t i o n . ~ ~  

Finally, the present experiments continue to  demonstrate the utility of 
the dinucleotides, especially the self-complementary dinucleotides, as 
models for DNA and RNA in the study of drug-nucleic acid complexes. 
The present techniques can provide guidance as to  which nucleotides form 
the strongest drug-nucleotide complexes and suggested that the self- 
complementary pyrimidine-purine sequences would be likcly to  co-crystal- 
lize with cthidium bromide. Sobell and co-workers (personal communica- 
tion) subsequently obtained single crystals of the co-crystalline complex of 
ethidium bromide with UpA and CpG for X-ray crystallographic studies. 
We have also observed (unwanted) co-crystallization of ethidium bromide 
with CpG during an nmr titration, and with UpA and dG-dC from solutions 
that had been used for optical titrations. 

The authors thank Dr. Henry Auer for use of the circular dichroism instrument, 
and acknowledge several interesting discussions. The authors also wish to acknowledge 
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