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Synopsis 

A temperature-jump relaxation study of the interaction of tilorone with different polynu- 
cleotides and DNA has been performed. A single relaxation time, attributed to the interca- 
lation step, has been observed in the case of poly[d(A-T)]-poly[d(A-T)], poly[d(A-C)]- 
poly[d(G-T)], poly[d(G-C)].poly[d(G-C)], and poly(dG)-poly(dC). No intercalation into 
poly(dA).poly(dT) occurs, and the interaction with poly(dG)-poly(dC) is different from what 
is observed with the other intercalating homopolymers. Refinement of the binding model 
is suggested from the analysis of the kinetic data. The relaxation curves obtained with DNA 
are well simulated based on a binding mechanism where DNA is considered a heterogeneous 
lattice and each type of site behaves as if it were located in the corresponding homopolymer. 
Poly(dA).poly(dT) shows a unique behavior: studies of the effects of concentration and 
temperature indicate that tilorone acts as a probe of a process involving the polynucleotide 
alone. This process appears to be related to the dynamic structure of the nucleic acid and 
is detectable only when the bound dye is not intercalated. 

INTRODUCTION 

In a previous paper,l the binding behavior of tilorone, 2,7[bis 2-(dieth- 
ylamino)ethoxy]fluoren-9-one, to DNA and to polynucleotides was re- 
ported: 

Intercalation between the base pairs of DNA was shown to depend on the 
nature of the dyads forming the different sites. The experimental results 
were interpreted by assuming that DNA acts as a heterogeneous lattice built 
with the different possible couples of adjacent base pairs, each potential. 
site behaving as if it were located in the corresponding homopolymer. Such 
an interpretation is nonexclusive, even if it accounts very well for the ex- 
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perimental data, and it seemed interesting to test this model by another 
approach, on a completely different experimental basis. Therefore, a ki- 
netic study of the system was undertaken. 

The temperature-jump method is particularly well adapted for the study 
of the relaxation kinetics of dye-DNA systems, and numerous examples 
are reported in the l i t e r a t ~ r e . ~ - ~  Therefore, this method was chosen to 
measure the relaxation kinetics of the interaction of tilorone with DNA and 
five different homopolymers. The results we obtained with the synthetic 
polynucleotides permitted us to compute relaxation spectra, which well 
fit the experimental curves obtained with DNA. This strongly supports 
the model of heterogeneous binding to DNA, as already used in interpre- 
tating equilibrium data. 

In addition, the temperature-jump data obtained with poly(dA)-poly(dT) 
show the unique behavior of this homopolymer with tilorone. They indi- 
cate that tilorone can be used to probe the dynamics of the secondary 
structure of this homopolymer. 

MATERIALS 

The DNA samples used in this work were extracted from calf thymus 
(CT) and chicken erythrocyte (CE) according to classical procedures. Prior 
to the temperature-jump studies, the samples were sonicated for about 4 
min at  20 kHz in order to reduce the molecular weight to about 5 X 105. 

poly[d(G-C)]-poly[d(G-C)], and poly(dG)-poly(dC) were purchased from 
Miles Chemicals (Elkhart, Ind.), P.L. Biochemicals (Milwaukee, Wisc.), 
or Boehringer, Mannheim GmbH. 

Concentrations were determined spectrophotometrically using the fol- 
lowing molar extinction coefficients (in M-l cm-l): 

€260 = 6600 for CT DNA, poly[d(A-T)].poly[d(A-T)], and poly[d(A- 

€260 = 6000 for poly(dA).poly(dT), 6253 = 7400 for poly(dG).poly(dC) 
€260 = 8100 for poly[d(G-C)].poly[d(G-C)] (27) 

The tilorone was a gift of Merrell-Toraude Laboratory and was used as 
received, after checking its purity by thin-layer chromatography. The 
absorbance of the dye varies linearly with its concentration in the range 
of concentrations investigated. In phosphate saline buffer, its molar ex- 
tinction coefficient is EF = 78,000M-1 cm-l a t  270 nm and 250M-1 cm-l 
a t  470 nm. The dye showed no significant fluorescence throughout the 
spectrum. 

P~ly[d(A-T)].p~ly[d(A-T)], poly(dA).poly(dT), p~ly[d(A-C)]-p~ly[d(G-T)], 

C)l.poly[d(G-T)] 

METHODS 

Due to the weak absorption of tilorone in the visible range, relaxation 
experiments at low concentrations were performed at 265 nm, where tilo- 
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rone exhibits a strong hypochromicity.l However, the superimposition 
of the polymer absorption and that of tilorone prevents scanning a large 
range of DNA concentrations at  this wavelength. An experiment at  very 
high concentration could thus be performed at  470 nm, where DNA does 
not absorb. 

The light beam was plane polarized at a = 53", with the direction of the 
electric field (3 cos2a - 1 = 0) in order to eliminate extraneous effects due 
to orientation of the substrate induced by the discharge of the capacitor 
during heating.8 

The double-beam temperature-jump apparatus used for this study has 
been described previ~usly.~ It was improved as follows: the output signal 
was fed into a Biomation 805 transient recorder with 2048 channels, which 
can be split into two arrays, sampling successively with two different time 
bases. The data were then transferred into a Computer Automation LSI 
2/20 computer with 32K of 16-bit words of memory. The computer pro- 
gram allows simultaneous operation of three experiments (T-jump, P-jump, 
and stopped-flow) and includes the following features: (1) collection of 
data; (2) accumulation of several curves in order to increase the signal- 
to-noise ratio; (3) calculation of the parameters of the curves with one or 
two relaxation times, taking into account the heating-time conv~lution.~ 
This is achieved by using a nonlinear least-squares methodlo after an au- 
tomatic estimation of parameters and iteration until convergence is com- 
pleted; (4) smoothing, if necessary, of the curves by a least-squares meth- 
od'l; (5) simultaneous display of the experimental and calculated curves 
on the screen of an oscilloscope in a standard or semilog representation; 
(6 )  writing and reading the experimental data and the conditions of the 
experiments on floppy disks; and (7) automatically driving the tempera- 
ture-jump apparatus: the light-beam shutter, the reset of the charge of 
the high-voltage capacitor, and the arming of the transient recorder can 
be operated by the computer without the presence of the operator in order 
to obtain relaxation curves at  given time intervals and to accumulate them. 
The results of each single perturbation can also be stored on a floppy disk, 
allowing us the possibility of later subtracting the spurious individual curves 
caused by, for instance, bubbles. 

Calculation of relaxation times and amplitudes of the heterogeneous 
model of DNA binding tilorone were carried out on a UNIVAC 1100, using 
implicit double precision. 

RESULTS 

Synthetic Polynucleotides 

The relaxation transients observed for the different tilorone-polynu- 
cleotide systems studied could all be fitted by assuming a single relaxation 
time 7. 

For poly[d(A-T)]-poly[d(A-T)], poly[d(A-C)].poly[d(G-T)], poly[d(G- 
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C)].poly[d(G-C)], and poly(dG)-poly(dC), .the signal corresponds to an 
increase of absorbance with temperature, i.e., a release of dye. The vari- 
ations of this relaxation time versus concentration are shown in Fig. 1. 
refers to the concentrations of free dye calculated from the binding iso- 
therms reported previous1y.l The concentration of available binding sites, s, is calculated from the extent of binding r ,  the concentration of nucleo- 
tides P ,  and the exclusion number n’.12 The concentration dependence 
of the relaxation times were obtained by using a series of solutions having 
different DNA concentrations but the same degree of binding r .  This was 
done by diluting a concentrated stock solution of the complex with various 
amounts of a tilorone solution at  a concentration B. 

The concentration dependences clearly indicate that the relaxation ob- 
served with these four polynucleotides is related to the binding process. 

For poly(dA)-poly(dT), on the contrary, the relaxation observed at  20°C 
corresponds to a decrease in absorbance with temperature. Such behavior 
is to be compared with the melting profile shown in Fig. 2, which goes 
through a minimum for a temperature close to 50°C in O.1M NaC1. I t  is 
also a single exponential. Figure 3 shows that the associated relaxation 
time remains constant when the concentration of DNA changes (15 ms a t  
2OoC in 0.1M NaC1). The reaction is, therefore, not directly related to the 
binding process and corresponds to a conformational change: 

A + B  (1) 

Thus, poly(dA).poly(dT) behaves very differently with tilorone when 
compared to the other four polynucleotides. In order to obtain more in- 
formation about this transition, a study of the effect of temperature on this 
relaxation time was undertaken for the range of 0-60°C. Figures 4 and 
5, respectively, show the variations of In( 1/7) and of the amplitude of the 
relaxation versus 1/T, T being the temperature (in degrees Kelvin); one 
sees that the Arrhenius plot is not linear and that the amplitude goes 
through a maximum at T,  = 299 K. This means that the rate constants, 
k+ and k -  of reaction (1) are of comparable magnitude and that K = k+/k -  
goes through the unity in the scanned range of temperature. Both half- 
reactions contribute to the relaxation, and it is possible to determine all 
the reaction thermodynamic parameters. 

k+ 

k -  

The relaxation time 7 for reaction (1) is 

1/7 = k+ + k -  
The amplitude of the relaxation is given as13 

6P = A$r  (AH/RT2) 6T 
where I? is the amplitude factor, 

r = (FA - EB)/(CA + EB) with K = EB/CA 

For absorbance measurements, 
A4 = ( A c ) c ~ ~  
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Fig. 1. Variation of the reciprocal of the relaxation time with the sum of the concentrations 
of different free polynucleotide binding sites s and free tilorone D. T = 20°C. The solid 
curves were calculated from Eq. (lo), with adjustment of parameters for best fit. The overall 
binding constants K were taken from Ref. 1. Conditions: 0.1M NaCl, 0.002M phosphate 
buffer, pH 7; X = 265 nm. (a) Poly[d(A-TI]-poly[d(A-T)], r = 0.09. (b) Poly(d(A-C)]. 
poly[d(G-T)], r = 0.065. Each experimental point is obtained from an accumulation of several 
transients. (c) Poly[d(G-C)]-poly[d(G-C)], r = 0.05. (d) Poly(dG)-poly(dC), r = 0.065. 
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Fig. 1. (Continued from preuious page) 
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co is the concentration of the polymer expressed in moles of nucleotide/liter, 
and 1 is the path length in cm. AH is the enthalpy change, with 

K = exp[-(AH - TAS)/RT] (6) 
I' is maximum for CA = EB, i.e., K = 1. Thus, if T, is the temperature where 
the amplitude is maximum, 

A H  = T,AS (7) 
The best-fit analysis of the data of Fig. 5, using Eqs. (3)-(7), gives the 

following parameters: 

Kapp = 1800 
T, = 299 K 

A H  = 17.3 f 0.5 kcal/mol 
A S  = 58 f 2 e.u. 

The two last parameters appear also in the relationship describing the 
Arrhenius plot. By taking the values obtained from Fig. 5 for these pa- 
rameters, the data of Fig. 4 allow us to determine the different enthalpies 
and entropies of activation: 

AH1 = 26.2 f 2 kcal/mol, 
AHL = 8.9 f 2 kcal/mol, 

AS$ = 34 f 4 e.u. 
ASC = -23.5 f 4 e.u. 

The theoretical curves given in Figs. 4 and 5 make use of these parame- 
ters. 

1 1 1 1 1 1 1 1 1  

I I I I I I I I  

0 M 40 60 80 100 

Fig. 2. Melting profile at 270 nm of the tilorone-poly(dA)-poly(dT) complex ( r  = 0.05) in 
0.1M NaCl, 0.002M phosphate buffer, pH 7. 
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Fig. 3. Variation of the reciprocal of the relaxation time with the sum of the concentrations 
of free poly(dA).poly(dT) binding sites s and free tilorone D. T = 2OOC; 0.1M NaCI, 0.002M 
phosphate buffer, pH 7; r = 0.058; X = 265 nm. 

DNA 

A temperature jump applied to solutions of DNA in the presence of ti- 
lorone gives rise to transients, an example of which is shown in Fig. 6. The 
screen of the oscilloscope is divided into two parts, each corresponding to 
a sampling at  a different rate. The experimental relaxation curves could 
be fitted by a sum of two exponentials. However, the fast time (ca. 1.5 ms) 
appears to be an artifact, as its value does not change with temperature and 
it was never observed with homopolymers. No explanation was found for 
this fast process, but its small amplitude permitted us to neglect it in the 
following discussion. The variation of the remaining pseudo-single re- 
laxation time with the concentration of DNA (Fig. 7) then shows a behavior 
similar to those observed with the polynucleotides mentioned above, in- 
dicating that it is related to the binding of tilorone. In addition, an ex- 
periment performed at  high DNA concentration, using the visible ab- 
sorption band of tilorone, clearly showed the curvature of the dependence 
of 117 with concentration. The error on this last value of T is about 25%, 
because we operated at the limit of sensitivity of the temperature-jump 
apparatus (amplitude of the signal, 1 mV/10 V; accumulation of 30 tran- 
sients; signal to noise ratio, 4). 

This interpretation of the data, which is generally given elsewhere in 
literature for interactions of DNA with other dyes, assimilates DNA to a 
homogeneous lattice. In the Discussion section that follows, we will give 
another, more elaborate approach, based on a heterogeneous lattice model, 
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Fig. 4. Plot of the natural logarithm of the reciprocal relaxation time against reciprocal 
absolute temperature for the tilorone-poly(dA)-poly(dT) system in 0.1M NaC1, pH 7; X = 
265 nm. Note the nonlinear variation. The solid curve was calculated with an adjustment 
of parameters for best fit as explained in text. 

and using only the parameters obtained independently with synthetic 
homopolymers for the calculations. 

DISCUSSION 

The generally accepted mechanism of intercalation of different dyes into 
DNA or polynucleotides is represented by the following reaction mechanism 
equation: 

k-1  k-2  

where k l ,  k-1,  k2, and k-2 are the rate constants related to the half-steps 
schematized by the arrows. 

Two relaxation times are associated with reaction mechanism (8): a short 
time, 71, related to the bimolecular association step, and a longer time, 7 2 ,  

which is characteristic of the intercalation step. The variations in these 
times with concentration are then given by the following equations: 

(9) 1/71 = hl(S + D )  + k-1 

1 k2(S + D )  
- = h - 2  + 
7 2  l /K1+ S + B 
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Fig. 5. Variation of the amplitude of relaxation against the reciprocal of absolute temper- 
ature for the tilorone-poly(dA)-poly(dT) system in 0.1M NaC1, pH 7; X = 265 nm. The solid 
curve was calculated with an adjustment of parameters for best fit as explained in text. 

The fast time 7 1  mentioned in early papers exhibits either a small amplitude 
or may even be attributed to a phenomenon other than chemical relaxation. 
Indeed, if care is not taken, the electric field generated by the discharge of 
the capacitor during heating induces a linear dichroism effect, which relaxes 
in the time range corresponding to 71.  A similar artifact was observed in 
our study: when no polarizer was put into the light beam, a fast relaxation 
time 70 was present when a polymer solution was under investigation. 

By analogy with the results found in literature for other dyes, the single 
chemical relaxation process observed with tilorone bound to the four 
polynucleotides, and varying with concentration, is attributed here to the 
isomerization step (72). Due to too small a variation of concentration, the 
hyperbolic variation of 1/7 versus S + IJ is not evident, and one might even 
consider a linear variation. However, for all four polynucleotides, a fit 
according to Eq. (9) gives an overall equilibrium constant K that disagrees 
with those obtained from the Scatchard plots previously pub1ished.l In 
addition, in the case of DNA, an experiment performed at 470 nm with a 
high concentration of polymer showed a nonlinear variation of 1 / 7 2  (Fig. 
7). The data of Fig. 1 were therefore fitted according to Eq. (10) with two 
adjustable parameters, k z  and k-2,  and using the equilibrium constants 
K determined by microdia1ysis.l K1 is then determined by 

Equation (10) fits numerous data encountered in l i t e r a t ~ r e ~ > ~ J ~ J 5  for 7 2. 

The results are listed in Table I. 
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Fig. 6. Experimental relaxation curve obtained with tilorone binding to CT DNA 0.1M 
NaC1,0.002M phosphate buffer, pH 7; r = 0.058; = 2.45 X 10-5M; T = 20OC; X = 265 
nm. Accumulation of five transients. The temperature jump was 5.7OC. The sweep rates 
are 4 mdmajor division for the left half of the screen, and 20 ms/div. for the right. Sensitivity: 
20 mV/div. The amplitude of the total signal is 10 V, and the amplitude axis is directed 
downwards. The superimposed theoretical curve is synthesized by considering DNA as a 
heterogeneous lattice, using the kinetic parameters obtained with the different homopolymers 
and the adequate experimental conditions (see Discussion). All the given parameters, as 
well as the calculated parameters defining this theoretical curve, are summarized in Table 
11. 

+ 

DNA as a Heterogeneous Lattice for the Binding of Tilorone 

In a previous paper,l we presented a binding model where the B-form 
of DNA is considered an average of many local geometries determined by 
the couples of adjacent base pairs. The behavior shown by DNA when 
compared to that of the set of homopolymers (Table I) should then be in- 
terpreted, kinetically as well as statically, in terms of binding to a hetero- 
geneous lattice, with DNA acting as a mixture of sites similar to those found 
in the homopolymers. 

If we simplify our approach by neglecting the directions (3’4’) or (5’-3’), 
the kinetic mechanism corresponding to such a model is a combination of 
six reaction schemes, each individual scheme representing the binding 
mechanism for one of the possible types of sites. These are named by the 
corresponding couple of adjacent bases on one strand T-A, C-A, C-G, C-C, 
G-A, A-A. All the reaction schemes are coupled by the concentration of 
free ligand: 

S T - A  + D A C T - A  I cT-A 
- I T 2  

S A - A  + D 1 C A - A  1 cA-A 
1 7 2  

Needless to say, determination of the analytical expression for each of 
the 12 associated relaxation times would be rather cumbersome! Anyway, 
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it would be useless to try to determine, experimentally, even a part of the 
24 rate constants involved. Therefore, we operated in the same manner 
as in the interpretation of the binding experiments,l checking the consis- 
tency of our model by theoretically generating the relaxation curves of ti- 
lorone binding to DNA. To do so, we used only the parameters obtained 

TABLE I 
Kinetic and Eauilibrium Constantsa 

Polymer 

Poly[d(A-T)]*poly[d(A-T)] 
P~ly[d(A-C)]-poly[d(G-T)] 
P~ly[d(G-C)].poly[d(G-C)] 
Poly(dG)*poly(dC) 
Poly(dA)*poly(dT) 
CT DNA 

K (M- ' )  k2 (s-l) k-2  (s-') K I  (A4-l) Kz 

11 1,000 195 20.5 10,500 9.5 
61,000 160 30.5 9800 5.3 
47,000 390 31 3500 12.7 
34,000 760 87 3500 8.7 

43.000 200 24 4600 8.3 
3500 

a Kinetic and equilibrium constants determined in 0.1M NaCl, pH 7, a t  20°C. The values 
of K are taken from Ref. 1. 

Given binding constant. 
Best fit calculation. 
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separately in the study of the binding of tilorone to the different homo- 
polymers. These theoretical curves were then compared to the experi- 
mental relaxation curves obtained under the same conditions. As no ad- 
justable parameter was used, the only possibilities for the calculation were 
either to confirm or to disprove the validity of the model. 

The determination of the 12 relaxation times and their amplitudes was 
done by adapting the computer program of IlgenfritzlG to our mechanism. 
The partial concentrations of free available sites of type i, Si, were calcu- 
lated by using the Monte Carlo method published elsewhere12; the rate 
constants of the six nondetectable bimolecular association steps were set 
to reasonable values in order to obtain the correct binding constants K1; 
indeed, they intervene only with their ratio in the determination of the rate 
constants corresponding to the six intercalation steps. For site A-A, which 
corresponds to poly(dA).poly(dT), k.2 was set to a very low value, preventing 
intercalation. The amplitudes (d  In K) of the nondetectable or unknown 
individual steps of the mechanism (sites A-A and G-A) were set to negligible 
values. The others were set to decreasing values in an arbitrary unit. 
Figure 6 shows that after rescaling of the total amplitude, the theoretically 
calculated relaxation spectrum is well superimposed on the experimental 
curve. Table I1 gives the parameters used to synthesize the curve and 
shows the set of calculated results corresponding to the conditions of Fig. 
6. 

The calculation performed by using identical d In K for the four sites with 
highest affinity, and negligible values of d In K for the two others, gives an 
almost equally good fit. This results from the fact that one relaxation time 
( 7 3 )  has a much larger amplitude than all the others and corresponds 
roughly to the value obtained by a least-squares fitting of the experimental 
relaxation curve with a single relaxation time (22 ms compared to 21.3 ms). 
The small difference between calculated and experimental relaxation 
curves, in the short time range, corresponds to the artifact mentioned 
above. 

The good fit of the Scatchard plot of tilorone binding to DNA, consid- 
ering DNA as a heterogeneous lattice, led us to conclude previously the 
relevance of such a model. The present results of simulations of relaxation 
kinetics add more to our confidence in this model, although this interpre- 
tation still does not rule out other possibilities. 

Additional Support for Our Model of Tilorone Binding 

Examination of the kinetics of tilorone binding to the different homo- 
polymers leads to several comments: 

The values obtained for the binding constants of step 1 can be classified 
in two categories: when an alternating Pyr-Pur site containing an A-T base 
pair is involved, K1 has a value of 10,000. All the other cases give a value 
of K1 = 3500. When DNA is taken as a homopolymer, an intermediate 
value of K1 = 4900 is obtained. Moreover, for poly(dA)-poly(dT), in which 
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TABLE I1 
Experimental Conditions and Calculated Parameters Corresponding to the Relaxation 

Curve Shown in Fig. gaxb 

C O N C E N T R A T I O N  OF F R E E  L I G A N D  : 6.469-006 
C O N C E N T R A T I O N  O F  T H E  O O L V M E R  E X P R E S S E D  IN M O N O M E R S  : 7.576-005 

S I T E  NO 
1 
2 
3 
c 
5 
6 

S T E P  
1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11  
1 2  

T A U  1 
T A U  2 
T A U  3 
T A U  4 
T A U  5 
T A U  6 

R ( I )  S ( 1 )  G K A P P ( 1 )  
2.281-002 3.154-902 1.109*005 
2.333-002 5.223-002 4 . 0 4 0 + 0 0 4  ~ ~ ~~ ~~~ 

5.980-003 1.957-032 4.7301004 
4.740-003 2.1 50-C02 3.412*004 
3.090-003 6.343-002 4.990*003 
1.020-003 4.479-002 3.525+003 

RK 
1.950*002 
1 .600+002  
3.900*002 
7.600+(3'32 
1.000'002 
1.000'000 
1.055+008 
9.700*007 
3.500+007 
3.498*007 
3.502*007 
3.504*007 

DK 
2.050+001 

GU D L N K  
9.512*000 -.350 
S.246+000 - .250 3.050*001 ~~~ ~ ~~~ 

3.100*001 1.258*001 -.220 
8.70@*001 8.736*000 -. 140  
1.000*002 1 .i100*000 -.010 

i 2.94-002 ._ .._ 
= 2.60-002 
= 2.13-002 
= 1.01-002 
= 1.00-002 
= 9.52-003 

0.990*001 
1.000*004 
1.003*004 
1.005*004 
9.980*003 
1.00?*004 
1.004*004 

S P E C I E S  
C O N C E N T R A T I O N  
D E L T A  C O N C E N T R A T I O N  
C O N T R I B U T I O N  OF T A U  1 
C O N T R I B U T I O N  OF T A U  2 
C O N T R I S U T I O N  OF T A U  3 
C O N T R I B U T I O N  OF T A U  4 
C O N T R I B U T I O N  O F  T A U  5 
C O N T R I B U T I O N  OF T A U  6 
C O N T R I B U T I O N  OF T A U  7 
C O N T R I B U T I O N  O f  T A U  8 
C O N T R I B U T I O N  OF T A U  9 
C O N T R I B U T I O N  OF T A U 1 0  
C O N T R I B U T I O N  OF T A U 1 1  
C O N T R I B U T I O N  O F  T A U 1 2  

1.001-002 -.010 
1.055*004 -.030 
9.671*003 -.030 
3 . 4 8 3 + 0 0 3  -.030 
3.505+003 -.030 
3.495+003 -.030 
3.490*003 -.030 

T A U  7 = 9.72-005 
T A U  8 = 9.59-005 
T A U  9 = 9.37-005 
T A U 1 0  = 9.22-005 
TAU11 = 9.14-905 
TAU12 = 8.51-005 

0 S I G M A C  S I G M A 0  
6.46-006 6.75-007 3.72-006 
5.11-007 6.41-008 -5.75-007 
6.30-008 1.27-008 -7.57-008 
8.73-010 -7.49-011 -7.98-010 
3.60-007 5.82-008 -4.19-OC7 
1.87-0128 2.26-009 -2.09-008 
1.79-010 2.17-01 1 -2.01 -010 
5.25-008 6.31-009 -5.88-008 
7.49-011 -7.02-011 -4.70-012 
7.09-010 -6.94-010 -1.55-011 ~~~~~ ~~ 

2.08-011 -2.27-011 1.91-012 
4.37-011 -4.17-011 -2.08-012 
5.39-011 -3.76-011 -1.64-011 
1.42-008 - 1 . 4 5 - 0 0 8  2.50-010 

S I G M A A  
1.81-005 
5.1 1-007 
6.30-008 
8.73-010 
3.60-007 
1.87-008 
1.79-01 0 
5.25-008 
7.49-01 1 
7.09-010 
2.08-01 1 
4.37-011 
5.39-011 
1.42-008 

N O R M A L  C O N T R I B U T I O N  OF T H E  E L E M E N T A R Y  S T E P  
R E A C T I O N  1 2 3 4 5 6 7 8 9 

1 -.325 . I 2 3  .053 .007 .003 .OOO - . S O 2  .120 .053 
2 - .028 .234 -.243 .003 .001 .OOO -.025 .222 -.239 
3 - .117 - .278 -.080 . 0 3 0  . 012  .OOO - . l o 1  -.249 -.077 
4 -.013 -.Ole -.006 - .321 .148 -002  -.008 -.010 -.005 
5 -.009 -.013 -.004 -.165 .130 - .138 -.005 -.007 -.003 
6 -.030 -.041 - .013 - .223 -.216 -.001 - .a17 - .022 -.011 
7 -.001 -.OC1 -.0@1 -.001 -.003 .OOO . 0 4 3  .071 .013 
8 -.002 -.003 -.002 -.002 . 0 0 4  .OOO . l l 8  -206 . 0 4 5  
9 -.002 -.GO4 .017 - .a01 .001 .OOO - 1 3 3  .284 -.451 

1 0  
.008 
.003 
.031 

-.316 
-.162 

11  
.005 

1 2  
-001 

.002 

.019 

.149 

-000 
.OOL 
.005 

. 1 8 0  - . I 3 4  
-.218 -.205 .004 
.008 .313 -.546 
.021 - . 4 4 4  -.152 
,019 -.057 -.030 

1 0  -.008 .007 .OOO -.001 . C O O  .OOO .451 -.477 -.012 .019 -.015 -.009 
11 .004 .003 .001 - . 0 3 3  .@OO .OOO -.247 - .220 -.014 . 4 3 9  -.024 -.014 
1 2  .005 .005 -002 .005 .001 .OOO -.276 -.392 - . 0 4 5  -.065 - .125 -.078 

a Sites 1-6 are, respectively, T-A, C-A, C-G, C-C, G-A, and A-A. Steps 1-6 are the inter- 
calation steps for sites 1-6, and steps 7-12 are the himolecular association steps of sites 1 to 
6. The K's are named GKAPP. RK and DK are the different rate constants of recombination 
and of dissociation. For calculation, mechanism (8) is written A, + B ;= C, 7 5  D,, where B 
is the free ligand. Note that the main variation of the different concentrations is due to 73.  

Concentration of free ligand, 6.460-006; concentration of polymer expressed in monomers, 
7.576-005. 
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no intercalation is detected, the overall binding constant was found to be 
equal to 3500,l the same value as for K1. 

Poly(dG)-poly(dC) has larger values for both kz and k-2, indicating that 
another kind of intercalation occurs with this type of site. 

The values kz and k-2 are much lower than those found in the case of the 
interaction of proflavine with DNA.2 Wakelin and Waring7 obtained 
similar results in the case of the binding of phenanthridines, which bind 
according to the direct ligand transfer mechanism. They interpreted the 
ca. 10-fold lowering of some rate constants leading to the intercalated 
species by the influence of hindrances due to a binding in the minor groove 
rather than in the major one. The same arguments, when used for our 
mechanism, would lead us to explain the differences between proflavine 
and tilorone by locating the intercalation of these dyes via the major and 
the minor grooves, respectively. Such an assertion seems reasonable for 
tilorone according to CPK model buildings. The necessity for both bulky 
diethylaminoethoxy- arms to lie in either groove can slow down the inter- 
calation step. In addition, there are fewer possible conformations of the 
tilorone molecule that fit the minor groove than fit the major groove. The 
low values of the kinetic constants therefore suggest a binding in the minor 
groove. 

For h-2, the three alternating Pyr-Pur homopolymers show similar re- 
sults. The values, low compared to those obtained with proflavine, show 
the formation of a complex that is relatively stable. This means that the 
arms of the tilorone molecule interact somewhat specifically with the ac- 
cessible bases. Hydrogen-bond bridges between the ethoxy-oxygen of ti- 
lorone and 0-2 of thymine or 0-2 cytosine through a molecule of water are 
reasonable candidates for such stabilizing forces. Hydrogen-bond bridges 
via a water molecule with cytosine have been observed in crystals of the 
daunomycin-CpGpTpApCpG complex, with the arm of the drug lying also 
in the minor gr00ve.l~ Due to the symmetry of the molecule of tilorone, 
alternating Pyr-Pur sites can then form such interactions with each arm. 
In addition, the distance between the two positively charged ammonium 
groups corresponds to the distance between two phosphates located on the 
two strands of the double helix, thus adding electrostatic attractions to 
hydrogen bonds. However, as already pointed out in the previous paper,l 
the energies calculated for such stabilizing forces cannot explain per se the 
spread of binding specificities observed with homopolymers. They are 
relatively weak and add to the differences in the interaction energy on 
changing from a B-DNA to an intercalated complex conformation. The 
latter is dependent on the base-pair sequence and shows the preference of 
the Pyr(3’-5’)Pur sequences over all the others.18 

The Special Case of Poly(dA)*Poly(dT) 

The results of relaxation measurements, as well as those previously 
presented for equilibrium,l show that the behavior of poly(dA).poly(dT) 
in the presence of tilorone is different from that of all other polynucleotides. 
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No relaxation assignable to the binding mechanism is detected in the ki- 
netics, and neither intercalation nor exclusion effect is observed in the 
equilibrium measurements. The relaxations observed by temperature- 
jump experiments can thus be attributed to some conformational change 
of the polynucleotide chain itself that perturbs the binding process. The 
dye acts like a dynamic probe because the binding is much faster than the 
conformational change. Indeed, the minimum in the melting curve (Fig. 
2) can readily be interpreted as the result of the occurrence of two opposite 
phenomena as T is increased, e.g., the possibility of some intercalation and 
a decrease of binding sites due to the destruction of the double-helical 
structure. 

CD measurements at room temperature show almost no variation in the 
signal of poly(dA).poly(dT) when tilorone is added to a O.1M NaCl solution, 
whereas the signal variation is comparable to that observed with the “in- 
tercalating” polynucleotides when the study is undertaken with a 10-3M 
NaCl solution. This seems to indicate that in 0.1M NaC1, the structure 
of poly(dA).poly(dT) undergoes a conformational change that enables some 
intercalation of tilorone with increasing temperature. It is worthwhile 
noting that the large positive values of enthalpy and entropy changes in- 
volved in this conformational change are almost identical to the positive 
AH of 15.5 kcal and the AS of 54.5 e x .  that have been found in the case of 
a proflavine-DNA intera~ti0n.l~ The latter results were correlated with 
a break in the Arrhenius plot and were attributed to some conformational 
change of A-T-rich regions. 

Another interesting comparison can be made between tilorone and hy- 
droxystilbamidine (OHSA) relative to their binding to poly(dA).poly(dT).l7 
OHSA does not intercalate into deoxyribonucleic acids. When its blue 
fluorescence is monitored, the temperature-jump experiments performed 
with OHSA reveal two relaxation times. These are due to conformational 
changes and correspond to an apparent increase in binding, i.e., a behavior 
similar to the one observed for tilorone. The kinetic data for the short time 
measured with OHSA are listed in Table I11 together with those for tilorone. 

TABLE I11 
Thermodynamic Parameters of the Conformational Transition Observed When Tilorone 

or OHSA is Bound to Poly(dA)-Poly(dT) 

Parametera Tilorone OHSAb 

43 
26.2 

8.9 
34.5 

-23.5 
17.3 
58 

69 
27.5 

42 

a AH values are in kcal/mol, and AS values in e.u. All experiments were performed in 0.1M 
NaC1, pH 7. Relaxation times are given at  10°C. 

Data taken from Ref. 5. 



LIGAND BINDING TO A HETEROGENEOUS LATTICE. I11 1205 

One sees that the values of the activation enthalpy and entropy obtained 
with the two drugs are identical. They do, indeed, correspond to the same 
kinetic process, but the curvature of the Arrhenius plot and the amplitude 
maximum have not been observed with OHSA, since AH!. and AS!. are not 
identical with those obtained with tilorone and do not give rise to an ob- 
servable temperature of compensation between AH and A S  in the inves- 
tigated temperature range. These slight differences can be attributed to 
the binding process of the drug, which may perturb the conformational 
dynamics of the homopolymer differently, as OHSA forms other stabilizing 
interactions specific to its structure. However, one notices that OHSA lies 
in the minor groove and forms a hydrogen bond with the 0 - 2  of thymine.20 
An identical binding model was proposed for tilorone earlier in this dis- 
cussion. 

The high value of the activation enthalpy can only be understood if a 
large amount of the poly(dA).poly(dT) chain is involved in the observed 
conformational change. Thus, tilorone, as well as OHSA, probes the dy- 
namic state of the homopolymer, and the measured relaxation time can be 
related to the propagation of transient open states in the molecule.21!22 
These open states may be permanent in the case of intercalated sites, ex- 
plaining why this conformational change (which may involve modifications 
of sugar puckering and changes in the torsion angles of the backbone similar 
to the passage to an “intercalated site23) is not observable in the other 
polynucleotides, which all intercalate the tilorone molecule. Otherwise, 
as a large portion of the double helix must contribute to the conformational 
transient, the latter is not observable with DNA. Indeed, a long sequence 
of nonalternating A-T base pairs is, necessarily, seldom in the total distri- 
bution of sites; the amplitude of the relaxation will therefore be negli- 
gible. 

CONCLUSION 

This temperature-jump study of the relaxation of tilorone with DNA and 
the different polynucleotides permitted us to confirm the conclusion of a 
stoichiometric study, namely, that DNA can be assimilated to a heteroge- 
neous lattice for the binding of dyes, each type of site acting as if it were 
located in the corresponding homopolymer. This implies that perturba- 
tions generated by binding on the structure and the dynamics of the double 
helix are of relatively short range. The study emphasizes that using a 
best-fit approach in relaxation studies with a heterogeneous polymer like 
DNA does not necessarily account for the real behavior of the system under 
investigation. Rather, the experimentally determined parameters reflect 
an averaged view of a more detailed binding mechanism, the consistency 
of which may be verified. However, these parameters do not lead to a 
unique conclusion. Indeed, the different normal modes of relaxation are 
not sufficiently separated to allow us to distinguish between a single re- 
laxation time or a relaxation spectrum. 
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In addition, tilorone was found to be a probe of the dynamics of poly- 
(dA)-poly(dT) conformation in 0.1M NaC1, where it is not intercalated. As 
this phenomenon has already been observed with OHSA, another nonin- 
tercalating dye, we can presume that it may be detected and used with other 
nonintercalating dyes (lying probably in the minor groove) if some physical 
property (light absorption, fluorescence) is affected by the conformational 
transient of the bihelical structure. 

We thank Prof. M. Daune and Dr. R. Zana for helpful discussions and for carefully reading 
the manuscript. 
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