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EFFECT OF DNA BASE COMPOSITION ON THE INTEkCALATION OF PROFLAVINE. 
A KINETK STUI)Y 

The effect of DNA base composition on the kinetics of the associatian bctwccn DNA nnd profkivine has been investigated 
.xsing the tcmpcrature jump relaxation method. It is found that, regardless of the G + C base composition the results fit a 
two step mechanism, the second of which eshibi.5 charactzristics of intercalation of pruf?Mne into DNA. Efo~~ever, the two 
~puilibrium constrrnts corresponding to these steps, XI: and KI;, depend on the natore of the DNAs. The constant Kg is found 
to be an order of mngnitude greater for &f_ IJ~su&~k&?xi DNA (72S G + C) than ior calf thynus DNA (48% G + C). htcrexi- 
ing G-C content thus appears to favor the intennedinte non-intercalated complex of proflavine with DNA. Methylation of 
dl. ~~~Jrikricu~ DNA with dimethyl suIfatc, prcfcrcntiafly yielding NT methyl puminc 9s the modified base, again Jeads to 
an apparent two step mechanism, with the v;rluc of Kt unchanged with respect to untrez:ri DNA, while the affinity of pro- 
flavine for the intercahted compIex measured by the vaiuc of Kl[ incccases for methylat& DNA. 

I _ Introduction 

The interaction between DNA and acridine dyes has 
been extensively studied. Many articles have already 
been devoted to the study of the interaction betsveen 
RNA and acridines. Acridines such as proflavine can in- 
feract with DNA through t\vo distinct modes of binding: 
a weak binding and a strong binding. The first structural 
model for the strong bidding mode w;2s proposed by 
Lerman [l J _ Ia this model proflavme is ifitercatated be- 
tween two base pairs. the pIanar dye being paraIIel to 
the base pairs. The base pairs of the binding site remain 
perpendicular to the helix: axis, but they have to mope 
3.4 (5. apart to allow the intercalation elf the dye. Differ- 
ent studies have provided several lines of evidence which 
are consistent with the intercalation process. These have 
been reviewed by Blake and Peacocke [Z] and by Gate 
et al. f31_ Recently also the X-ray structure of a crystal- 

line complex of ApU with amino a&dine has been deter- 
mined [41, in which the dye molecule is in fact inter- 
ulated according to the proposed scheme. 

Although many n&dines have-been shown to be in- 
tercal?ted in DN4, they exhibit substantive differences 
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with respmt lo their biological properties, for exam@ 
in their action as mutagens [3]_ Therefore, if there is 
any relation between intercalation complexes and bio- 
logical effects, some specific in tsractions must occur at 
the level of the strong binding modes. 

No definitive preferential binding of profiatine with 
ozu? type of base (or pairs of the DNA) have so far bcten 

found [5--71. However, two physical properties of the 
complexes are dependent upon base composition of 
DNA: flttorescence and viscosity; Weill [S] found that 
from the point of view of ~~oresc~nce~ two types of 
binding site: on DNA can be distinguished: one a flue- 
rescent binding site and the other a binding site in which 
the fluorescence of the dye is quenched. These are, ac- 
cording to Themes et al. [9:, focated respectively in 
(AT) rich and (GC) rich regions of DNA. Moreover, when 
the guauine residues are methylaied (on the NT)? the 
bound dyes near the ~et~y~ated guaniae are found to 
remain fluorescent fiOj _ 

Viscosity measurements on the DNA-proflavine 
complexes have shown that the length increase of the 
DNA due to the binding of proflavine is ako a function 
of the base composition ff I], The increment in length 
of DIGA-profiavine complexes decreases as the per- 
centage of (G-C) base pairs increases. N, methylated 
DNA behaves as a (AT) rich DNA [IO] in this respect. 
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In order to investigate the specificity of interactions 
between proflavine and DNA, we have carried out a 
kinetic study, by T-jump experiment, of the binding of 
protlavine to 3 (CC) rich DNA and to the same DNA 
chemically methylated, and we have compared our re- 
sults to those obtained on (AT) rich DNA. 

2, Materials and methods 

The temperature-jump apparatus was purchased from 
hfessanlagen Studiengeselschaft mbK, Gattingen, Ger- 
many and is similar to that desc&ed by Eigen 2nd de 
Maeyer [12] . The relaxation process was followed by- 
recording at a fixed wavelength (430 nm) the time de- 
pendent variation of the optical transmission of the 
solution after a fast rise of temperature. The signal was 
recorded on a ?‘ektronix oscilloscope and in order to 
improve the signal-to-noise ratio a multichannel signaf 
averagzr was employed (Memoscope RE 10). Tempera- 
ture jumps of aboct 5°C were produced by a 20 KV 
capacitor discharge giving a heating time of about 5 ws. 

Absorption spectra were determined on a Cary 15 
recording spectrophotometer. 

All solutions were prepared in a standard buffer con- 
sisting of 0.1 M sodium chIoride, 0.01 M sodium acetate, 
1O-4 Iv1 EDTA, pH 5. 

Kinetic experiments were performed at a constant 
ratio of P/D = 20 (D being the concentration of dye, 
and P the concentration of phosphate); the amount of 
proflavine bound per base pair, r, was found equai to 
0.08. 

In this work we have used H ~sadeikticus DNA 
(72% G f C). The purification and methylation of DNA 
samples have been described elsewhere [ 131. For the 
sake of convenience we shall abbreviate Mcrococcus 
l’sodeik~icus DNA as &f-L. DNA and methylated Micro- 
coccus iysodeikricus DNA as ML. Meth DNA. 

Proflavine was a gift of Dr. M _ Charlier and was puri- 
fied according to the method of Weill and Calvin [ 141. 

To avoid any viscosity effect on the kinetic param- 
eters, DNA was degraded with a MSE ultrasonimtor as 
previously described [I I] _ The sedimentation constants 
S,, of the sonicated DNA samples were between 7 and 
8.2 in standard sodium citrate buffer. 

The amount of bound profiavine per base pair (r) was 
determined from the visr%Ie absorption spectra of the 
DNA-proflavine soI&ions [2]. We used the procedure 

of Li and Crothers [Is] for ?he determination of the 
molar extinction coefficient (visible absorption band) 
eB of bound proflavine. We found eu = 15 4-40 cm-’ 
M-’ at A = 430 nm, irrespective of DNA base compo- 

sition. 

3. Results 

The relaxation signals of the M.L. DNA-proflavine 
and M.L. Meth DNA-proflavine complexes display 
three distinct rates (fig. 1): (I) A fast stage which is 
characterized by a retrogression point, that is, the trace 
goes rapidly below the base line and then increases. 
This increase may be described by a single relaxation 
time (i-,) of about 20 microseconds. The value of ttlis 
relaxation time is independent of the concentrations 
as can be seen in fig. 2. (2) An intermediate stage which 
can be analyzed with a single relaxation (7,) in the 
range of a few tenths of a millisecond. Fig. 3 shows the 
observed dependence of this relaxation time on con- 
centration, with data for 1M.L. DNA and ML. Meth 
DNA at different temperatures. Since 1 /T: has a linear 
dependence upon the concentration of free base pairs 
and uncomplexed proflavine, this parameter can be as- 
signed to a bimolecular step. It is worthwhile noting 
that methylation has no effect upon the variation of 
l/rL with concentration. This result is important and 
we shall discuss it later. (3) A final slow stage appears 
also to be monoexponential (T*). The smail amplitude 
of this relaxation time (fig: 4), both in the case of M.L. 
DNA and XL. Meth DNA, did not allow us to establish 
the variation of 5-z with concentration. Nevertheless in 
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Fig. 1:Typical rchxalion signal. froflavinc-XL. DNA corn- 
plex_ CD c cF = 0.62 x 10-3ht. Time scllc: 700 &cm. Inten- 
sity scale: 10 mV/cm. Tempctaturc (to): 12°C. 



the most favorable ease with respect to the sign&o- 
noise ratio we have been able to estimate the value of 
r2 which is several mi!iiseconds for both M.L. DNA a~ld 
ML. Meth DNA. 

Li and Crothers fIS] have assigned the faster relaxa- 
tion time (rr) to a dependence of the extinction coeffi 
cient of proflavine upon temperature. RecentIy Dour- 
lent et al. [It;] have shown that rr may arise in fact 
from an orientation effect of the DNA molecules in the 
eiectrlc field generated in the Tjurnp during the dis- 

charge of the capacitor. We have founrl by electric bire- 
fringence measurements that the orientation relaxation 
time of compfexed sonicated DNA molecules is in the 
range of the value of rr ii 71, in agreement with the in- 
ter~ret~tio~ of DourIent et at. Thus we conclude that 
7X is independent of the two other relaxation times. 

The results concerning the two remajning r&x&ion 
processes may be ~nte~reted in terms OF a two step 
mechanism simifar to that proposed by U and Crothers 
Cl 51 fur the intercalation of praffavine in calf thymus 
DNA. 

where the first step equilibrates more rapidly than the 
second step. C[ and Crr denote two different nucleic 
acid-dye complexes, C, being the intercalation corn- 
piex. According to this mechanism there are two rela)ca- 
tion times and the foIlowing relation applies for the 
fast refaxation time. 

l fil = k&& f c;) + &f (2) 

where ?$ and CT are the final equilibrium concentra- 
tions of free base pa& and uncomplexed dye respec- 
tiveiy. Ahhough it was not possible to find the depen- 
dence of the slow reiaxation time (TV) upon concen- 
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Fig. 4. Typiul semi-logarithmic analysis of a relaxation signal. 
Upper part: proflavine-utf thyms DNA complex. Lower part: 
proflavine-ML. DNA complex. (CD + @I = 1.23 x l@M. 
Temperature (to): 12%. 

tration it seems reasonable to assign r2 to the intercala- 
tion process (the value of 7, is in the same range as the 
slow relaxation time obtained by Li and Crothers in 
the case of Calf thymus DNA). 

The kinetic constants k12, kZ1 and the corresponding 
equilibrium constant K, = k,,/k,, are summarized in 
table l_ These values are derived from the slopes and 
the intercept of the lines in fig. 5 using the relation (2). 
The thermodynamic and activation parameters arc given 
in table 2; these are determined from the typical 
Arrhenius plots shown in fig. 5. 

Although the accuracy is poor, one can nevertheless 
see that HT, for M-L. DNA is twice the value of this 
parameter & calf thymus DNA, Hll is the same for 

both DNAs. 

4. Discussion 

First, it must be emphasized that all our experiments 
were performed at large P/O values, which means that 
we are dealing primarily with the strong binding. The 
results in table 1 show that the equilibrium constants 
K,, which describe the distribution of bound proflavine 
between the two complexes CI and C,, are about 2 and 

Table 1 
~uilibrium and kinetic constants of profkine binding to DNA. Solvent = 0.1 hf &Cl, IO-’ %I Na acetate, pH 5, 10m4 SI EDTA 

h1.L DNA 6 0.99 x 10’ 0.224 x LO3 4.4 x LO4 1.6 11.4 x lo4 
17 1.26 x lo7 0.48 X Ml3 2.6 x IO4 2.38 8.8 x IO4 
27 2.6 x lo7 1.22 x 103 2.1 x lo4 2.2 6.8 x lo4 
36 4.5 x 10’ 1.31 x to3 3.4 x 104 0.59 5.4 x IO4 

XL._ hfetlt DNA 6 0.99 x LO7 0.224 x lo3 4.4 x lo4 - _ 
17 1.3 x 10’ 0.43 x 103 3 x lo4 4 14 x 10” 

Calfthymus DNA 10 a) 2 x 10’ 3.5 x lo3 5.6 x lo3 13.6 8.7_X IO4 
17 I.8 x LO’ 4.4 x lo3 4.2 x 103 14 8 x104 
25”) 2.8 x LO’ L-3 x LO3 2.2 x LO3 16 4 x105 

a) Data from Schmechei and Crothers [75 1: sotvent 0.2 hf NaCl, PH = 6.9. 
K 

ape 
is determined at equilibrium and is defined by the following relation: 

K app = <c)/(cF) <ADW , 

where (CJ is the concentration of bound proflavine. (CF) is the concentration of fra proRavine and (ADN) is the conccntition of 
free bindiq sites qf the DNA. AII these constants were Mcuhted assuming a binding model where ezch base pair is a potential 
biding site. The v-&es of KIl for M-L, DNA and h1.L Meth DNA have been evaluated using the rchtion 
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Fig. 5. Plot of the decimal logarithm of the rate constants k,, 
and k21 against reciprocal temperature Co obtain actitntion en 
erg&. Rofkwine-ML. DNA complex. 

14 for ML. DNA and caIf thymus DNA respectively. 
This means that an increase in the percentage of (CC) 
base pairs favors the formation of the intermediate corn- 

Table 2 
Energies of the in:en;tion between proflavine and DNA (kcall 
mole) 

M.J.._ DNA 8.2 14.6 -6 1 -0.5 -0.5 

calf thymus DNA”) 4 14 -9.8 2 -5.4 3.4 

Hip is the activation energy for transformation from states i to 
j and I$ and St are the thermodynamic standard enthalpy and 
entropy changes for the same reaction. 7Iese quantities were 
measured in the temperature range 6 to 36OC, in 0.1 M NaCl, 
10m3 hl Na acetate, pH = 5. All DNA concentrations are expres- 
sed in t<rms of concentrations of base pain. 
a) Data from Schmechel and Crothers [ 25 ] : solvent 0.2 hl NaQ, 

pH = 6.9. 

plex C,. The system, M-L. DNA-pro&vine, where one 
has about 50% of the bound proflavine in the state of 

complex C, thus becomes very interesting for the study 
of the characteristics of this complex. 

The spectroscopic behavior in the visible region of 
a solution of proflavine in presence of M-L. DNA is 
identical to the one observed in presence of calf thymus 
DNA or M-L. Meth DNA [lo] (maximum absorption 
at 460 run for the bound proflavine, isosbestic point 
at 455 nm). This implies that the visible absorption 
spectra of complex C, is essentially the same as that 
of the intercalation complex C,. 

Moreover, we have previously found [ 111 that the 
length increment of DNA on binding of profiavine de- 
creases as the percentage of (CC) base pairs increases. 
The mechanism [ I] can expIain this result if one as- 
sumes that the complex C, does not contribute to the 
increase in length of the DNA molecule_ With this as- 
sumption, for small values of T, the following retation 
holds: 

L/Lo = 1 f [i/(1 +X,)]r; (3) 

where L and Lo are the contour lengths of DNA in the 
presence and in the absence of dye respectively. Using 
KrI, the value obtained by kinetic measurements, one 
finds that the coefficient of r in relation (3) is equal 
to about 0.65. From viscosity measurements on the 
other hand we have determined that the slope of the 
line L/Lo versus r is equal to 0.55. i$e agreement be- 
tween the two values is satisfactory, especially if one 
takes into account the uncertainty in K,. Thus, it seems 
reasonable to conclude that the complex C does not 

contribute to lengthening of DNA, or if so,‘only weakly. 
In a comparative study by electric dichroism of the 

systems calf thymus DNA-proflavine and M-L. DNA- 
profiavine it was shown that the mean orientation of 
the dye ring in complex C, appears to be parallel to the 
pIanes of the base pairs [17] _ While the visible absorp 
tion spectrum and structural features (no lengthening 
of DNA, orientation of the dye ring parallel to the base 
pairs) of the complex C, seem to be independent of the 
nature of DNA, on the other hand the energies in- 
volved in the formation of this complex depend on the 
DNA base composition_ The equilibrium constant K, 
for proflavine binding to M.L. DNA is roughly an order 
of magnitude greater than that for proflavine binding 
to calf thymus DNA. Thus GC base pairs stabilize com- 
plex C,. By contrast, the affinity of proflavine for the 



intercalation eompiex C, is about the same for calf 
thymus DNA and EL DNA (the values of the product 
K& are equal for these two DNAs). 

The intercalation complex has been shown to be 
strongly anticooperative ElP,J . In order to obtain in- 
formation about the cooperativity of the complex C, 
we have calculated binding curves based on the mech- 
anism 

5 
M.L DNA + ptoflavine Kc// 

Ki> 21 Ii 

which is thermodynamically- equivalent to mechanism 
(l), and fit them to the experimental binding curves. 
To perform our calculation we have represented the 
RNA molecule as a double-stranded homopolymer with 
each base pair acting as a potential binding site. For 
complex C,, we have selected the site exclusion model 
[18] while for the complex C, we have assumed that 
two adjacent bound pro&vines may interact with an 
interaction caefficient k which is related to the standard 
free energy of the interaction process (b.G@& accord- 
ing to the following relation: 

&= exp ~-{AG’)~~~~ . 

This coefficient k serves as a&e variable parameter in 
our binding model- Fig. 4 shows that the binding curve 
calculated with k = I fits the experimental points nicely, 
suggesting that Cx can be considered an essentially non- 
cooperative complex. This result is interesting in that 
complex C, exhibits an ~te~~d~~t~ behavior between 
the anti-cooperative intercalation complex, err, and the 
electrostatic complex seen at low P/O ratios C’weak 
biding mode”) which is very cooperative. 

C%;eerning the methylated DNA, one can see from 
table 1 that methylation appears to have na effect QR 
the kinetic constants k,, and &,, . This result is rather 
surprising since methyl groups might be expected to 
disturb the hydration shelI and thereby the electrostatic 
potential of DNA (methy~tion occurs preferentially 
on the N7 of guanine iocated in the large groove and 7 
Me G bears a positive charge). The fact that methylation 
has no influence on the formation of the complex Cl, 
argues that, proflavine in the brst step of the reaction 
(1) approaches C-C pairs in M.L. DNA via the sma3 
groove. Such an interpretation is ccmsistent with the re- 
sults of Li and Crothers @Sj, whu found dgferences 

I I 

I -4 T-xl0 
CF 

Fig. 6. Calculated isotherms. The lines ate ~eoFeti~1 for dif- 
ferent k v&~es <see text), KII = 46800 W-*. Kc = 11200 hl‘*. 
(0) Experimenta points corresponding to the binding of 
proflztine on M.L. DNA. 

in the values of the kinetic and equilibrium constants 
of the first step between calf thymus DNA and Tz D&IA 
in which some cytosines located in the small groove 
are glucosylateci. 

One may also note from table 1 that in marked con- 
trast to the equilibrium constant K,, K,, depends upon 
me:hylation: li;, equals 2 and 4 for V.L. RNA and 
M.L. Meth DNA respectively. Thus methylation of $&L 
DNA favors formation of the ir:tercalarion complete 
C,,. Proftavine exhibits a greater affinity for the inter- 
calation complex C,, in M-L- hiieth DNA than M.L 
DNA, since the product KIKc,, is increased on methyls- 
tion. 

5. Conclusion 

This study shows that the two-step mechanism pas- 
tulated for intercalation of proflavine with DNA holds 
irrespective of DNA base eompos~tion. However, rhe 
equilibrium constants K, aud K,r are different from 
one DNA to the other. Let us examine now the possibfe 
consequences of this baz‘e composition effect. 

It is known that the apparent quantum yield of fiuo- 
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rescence of bound proflavine is a function of DNA base 
composition: it decreases when the (GC) content of 
DNA increases [9]. Furthermore, we have shown that 
methylation of DNA leads to an increase of the inten- 
sity of fluorescence of bound profIavine f lo] . If we 
compare the changes of fluorescence intensity to the 
changes of the equilibrium constant K,,, it can be seen 
that the fluorescence intensity increase parallels an in- 
crease of the equilibrium constant K1,. One might then 
ask whether or not the fluorescence behavior of bound 
proflavine result% from the existence of the two com- 
plexes C, and C,,, the fluorescence of proflavine in 
complex C, being quenched owing to specific interac- 
tions between proflavine and (CC) base pairs. In addi- 
tion specific interactions could stabilize complex Ci in 
the vicinity of (CC) base pairs in accord with the larger 
value of Ki’, of M-L. 3NA as compared to calf thymus 
DNA. We have no experimental indication concerning 
the exact nature of such interactions, but the existence 
of ligand-base hydrogen bonding is one possibility. 
Mataga et al. [19,20] have shown that hydrogen bonds 
affect the fluorescence of electron systems such as acri- 
dines and aminoacridines. 

Finally, a biological role for the complex C, cannot 
be ruled out. Schreiber and Daune [21] have noticed 
that within the limits of the coding ambiguity mutations 
induced by proflavine in the gene of bacteriophage T4 
lysozyme [22-241 could be interpreted as having their 
origin on (CC) base pairs. If this is so, possible sequence 
reIated effects of proflavine in mutagenesis may ulti- 
matell; arise from the affinity of the C, complex for 
G*C sequences, leading to errors in replication or trans- 
cription of these regions. 
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