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The interaction of several 3.6diaminoacridines with DNAs of various base composition has been studied by steady-state and 
transient fluorescence measurements. The acridine dyes employed are of the following two classes: class I - proflavine, 
acriflavine and IO-benzyl proflavine; class II - acridine yellow, lo-methyl a&dine yellow and benzoflavine. It is found that the 
fluorescence decay kinetics follows a single-exponential decay law for free dye and the poly[d(A-T)]-dye complex. while that of 
the dye bound to DNA obeys a two-exponential decay law. The long lifetime (7,) for each complex is almost the same as the 

. lifetime for the poly[d(A-T)]-dye complex. and the amplitude a, decreases with increasing CC content of DNA. The 
fluorescence quantum yields (OF) of dye upon binding to DNA d ecrense with increasing CC content; the 0, values for class I 
are nearly zero when bound to poly(dG)-poly(dC). but those for class II arc no1 zero. This is in harmony with the finding that 
GMP almost completely quenches the fluorescence for class I. whereas a weak fluorescence arises from the GMP-dye complex 
for class II. The fluorescence spectra of the DNA-dye complexes gradually shift toward longer wavelengths with increasing CC 
content. In this connection, the fluorescence decay parameters show a dependence on the emission wavelength; a, decreases 
with an increase in the emission wavelength. In view of these results, it is proposed that the decay behavior of the DNA-dye 
complexes has its origin in the heterogeneity of the emitting sites; the long lifetime r, resulrs from the dye bound to AT-AT 
sites, while the short lifetime rt is attributable to the dye bound in the vicinity of CC pairs. Since CC pairs almost completely 
quench the fluorescence for class I, partly intercalated or externally bound dye molecules may play an important role in the 
component r2. 

1. Introduction 

Since many of the a&dine derivatives have 
important biological activities, acting as mutagens, 
carcinogens and bacteriostatic agents, the interac- 
tion between DNA and various a&dines has been 
extensively studied [l-4]. The binding data for 
a&dine dyes with DNA have shown that there are 
two distinct binding modes which correspond to 
strong and weak binding [1,5]. it is well recognized 
that the strong binding mode which predominates 
at a high molar ratio of DNA phosphate to dye 
(P/D) corresponds to intercalation between adja- 
cent base-pairs [6,7]. This model rationalizes the 
biological activity of certain acridine dyes acting 
as mutagens [8,9]. 

9-Aminoacridine (9AA) and proflavine (PF) are 

typical acridine dyes that bind to DNA and possess 
strong mutagenic activity [lo]. Fluorescence quan- 
tum y!eld measurements of the DNA-9AA and 
DN.r\-PF complexes have revealed that there are 
two categories of strong binding sites, emitting 
and quenching sites, and that GC base-pairs or 
gL-anine residues are responsible for the quenching 
sites [ll-171. Very recently, we have found that 
the fluorescence decay kinetics of the DNA-BAA 
complex is dependent on the GC content of DNA 
and obeys a three-exponential decay law, suggest- 
ing that the emitting sites of 9AA on DNA consist 
of at least three classes [17]. 

The heterogeneity of binding sites or specific 
interactions between the dye and DNA bases may 
be important for the understanding of the biologi- 
cal actions of acridines dyes [14,18,19]. Accord- 
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ingly. it is of great interest to study in detail the 
fluorescence decay behavior of 3,6-diaminoacri- 
dine derivatives such as PF and acridine yellow 
(AY) when complexed with DNA or GMP and to 
compare the results with those of 5AA. In the 
present study. six 3.6-diaminoacridine derivatives 
have been examined. It was found, in contrast 
with the results of 5AA, that the fluorescence 
decay kinetics for each dye upon binding to DNA 
obeyed a two-exponential decay law. and possible 
interpretations are discussed. 

2. Esperime.~t:d 

2. I _ Muterials 

The following DNAs and synthetic polynucleo- 
tides were commercial products: Ciostridium per- 

fritzgem DNA (Worthington). calf thymus DNA 
(Worthington). Escherichirr coli DNA (Worthing- 
ton). Micrococcus [ssodeikticus DNA (Miles). 
poly[d(A-T)] (Miles) and poly(dG) . poly(dC) 
(Miles)_ GMP. chromatographically pure, was 
purchased from Sigma Chemical Co. or Seikagaku 
Kogyo. The following two classes of 3.6-di- 
arninoacridine derivatives were used: class I - PF 
(3.6-diaminoacridine; British Drug Houses), 
acriflavine (3.6-diamino-IO-methylacridinium 
chloride. AF; Chroma) and 3,6-diamino-lo-ben- 
zylacridinium chloride (PF-BZ): class II - AY 
(3.6-diamino-2.7-dimethylacridine: Chroma). 3.6- 
diamino-2.7-dime:hyl-lo-methylacridinium chlo- 
ride (AY-ME) and benzoflavine (3.6-diamino-2_7- 
dimethyl-9-phenylacridine. BF; Chroma). PF-BZ 
and AY-ME were prepared according to the 
method of Browning et al. [20] and the method of 
Ullmann and Marii: [21]. respectively. All dyes 
were purified by repeated crystallization and chro- 
matography. Any trace of impurity was not de- 
tected by the method of thin-layer chromatogra- 
phy for each dye. 1.1.4.4-Tetraphenyl-1,3- 
butadiene (TPE). purchased from Tokyo Kasei. 
\v:is twice recrystallized from benzene. Spectral 
grade cyclohexane was obtained from Wako 
Jyunyaku. Other chemicals were of reagent grade 
purity or better. Glass-redistilled water was used 
for the preparation of all aqueous solutions. 

2.2. Absorption and fluorescence spectra 

Absorption and steady-state fluorescence spec- 
tra were recorded with a Shimadzu UV-ZOOS spec- 
trophotometer and a Hitachi MPF-2A spectropho- 
tofluorometer, respectively. Observed fluorescence 
spectra were corrected for the unequal quantum 
response of the detector system which consists of 
lenses, a monochromator and an R106-UH or an 
R446-UR photomultiplier tube (Hamamatsu TV). 
Fluorescence quantum yields were determined by 
comparing the area under the spectrum of the 
DNA-dye complex with the corresponding area of 
PF and by taking 0.44 for the quantum yield of PF 
[13,16]. 

-7.3. Fluorescence decay curves 

Transient fluorescence decay curves were mea- 
sured with an Ortec time-resolved emission spec- 
trophotometer [17]. Excitation pulses from a 
flashlamp were passed through a Corning 7-60 
filter or a 400-nm interference filter (Vacuum 
Optics Corp., Japan) and focused on the sample 
with a lens. The emission was observed by an 
RCA 8850 photomultiplier tube through a grating 
monochromator (Applied Photophysics Ltd.). the 
half-bandwidth being S-20 nm according to the 
fluorescence intensity of the sample. To avoid 
interfering effects due to decay of emission anisot- 
ropy [22]. the excitation was done with an un- 
polarized beam of light and the emission was 
observed through a Polacoat polarizer whose axis 
was 54.7” to the excitation observation plane. The 
observed fluorescence decay i(t) is represented by 
the convolution integral: 

(1) 

where g(t) is the apparatus response function and 
Z( t ) the fluorescence decay which would have been 
obtained with the B-pulse excitation. The appara- 
tus response function g(t) was determined from 
the fluorescence decay curve of TPB in deaerated 
cyclohexane which has a single-exponential decay 
( 7 = 1.7 ns at 25OC) [17]. Deconvolution of eq. 1 
was made with the aid of the method of nonlinear 
least squares [23] and/or the method of Laplace 



Y. Kubota et nL/DNA-3.6 -diantinoacridine con~plexes 27 

transformation [24] by assuming that I(t) is a sum 
of exponential functions: 

n 

I(r)= CQ,exP(--1/7) (2) 
r-l 

where a, and T;- are the amplitude and lifetime, 
respectively, of the i-th component. Goodness of 
fit between observed and theoretical decay curves 
was judged by inspection of the reduced x2, the 
weighed residuals and the autocorrelation function 
of the residuals [23-251. Data analysis was accom- 
plished with a PDP 11/04 minicomputer (Digital 
Equipment Corp.) interfaced with an Ortec 6240B 
multichannel analyzer. 

All measurements were carried out at 25 + 
O.l”C in 5 mM phosphate buffer (pH 6.9) unless 
otherwise stated. Dye concentrations were in the 
range 1.0-5.1 PM. 

3. Results 

3. I. Absorption and ji’uorescence spectra 

Figs. 1 and 2 show the absorption spectra of the 
calf thymus DNA-PF-BZ and C. perfringens 
DNA-AY systems, respectively. as a function of 
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Fig. 1. Absorption spectra of the calf thymus DNA-PF-BZ 
system in 5 mM phosphate buffer (pH 6.9) at 25OC. PF-BZ: 5.1 
pM. P/D: (1) 0, (2) 1.0, (3) 2.0. (4) 4.0. (5) 8.0, (6) 15.1. (7) 
47.8. 

Wavelength (rim) 

Fig. 2. Absorption spectra of the C. perfriingens DNA-AY 
system in 5 mM phosphate buffer (pH 6.9) at 25OC. AY: 5.0 
pM. P/D: (1) 0, (2) 1.0. (3) 2.0, (4) 3.1, (5) 5.1, (6) 7.2, (7) 10.3. 
(8) 20.5, (9) 30.8. The arrows indicate isosbestic points for the 
absorption spectra of the bound AY in which the contribution 
of the free dye has been subtracted. 

P/D_ The absorption bands can be seen to shift 
progressively toward a limit (curve 7 in fig. 1 and 
curve 9 in fig. 2) which represents the spectrmm of 
the dye in a fully complexed form. In the case of 
PF-BZ, all the curves pass through an isosbestic 
point (465 nm), indicating that they result from 
the contributions of two forms of PF-BZ, free and 
bound, each form having a characteristic absorp- 
tion spectrum. Very similar absorption changes 
were also obtained with PF and AF complexed 
with various DNAs. 

In contrast to class I, the absorption bands for 
class II showed no clear isosbestic points. As fig. 2 
illustrates typical absorption changes obtained with 
the C. perfringens DNA-AY system, the monomer 
band at 455 nm is depressed and its maximum 
shifts toward shorter wavelengths with decreasing 
P/D value. On the other hand, the absorption 
spectra of the bound AY where the contribution of 
the free dye has been subtracted displayed isosbes- 
tic points (445 and 490 nmj provided that the ratio 
of the bound dye to DNA phosphate did not 
exceed about 0.2 (fig. 2). This finding suggests that 
the bound AY is transformed gradually from one 
type of complex (complex I) at a high P/D value 



to a different type of complex (complex 11) at a 
low P/D vafue. Very similar absorption spectra 
were also observed with the DNA-AY-ME and 
DNA-BF systems- In analogy with the DNA- 
acridine orange system 126-281, complex I may be 
attributed to an intercaiated monomeric dye, whiIe 
complex II may be ascribed to a bound dye dimer. 
In view of the finding that the dimerization equi- 
librium constant of AY (1.05 x lo4 M-‘) was 
much larger than that of PF (1.5 x lo3 M-r), the 
tendency of self-association of the dye may be 
responsible for the distinction of between the ab- 
sorption spectral behavior of class I and II. Fur- 
ther details will be presented elsewhere_ 

In order to avoid complication due to the pres- 
ence of different binding processes. the following 
fluorescence studies were performed at sufficiently 
high P/D vafues (P/D > 100) where complex I 
predominates and the concentration of the free 
dye is negligibly small. 

Figs. 3 and 4 depict the steady-state fluores- 
cence spectra of PF and AY, respectiveiy, in the 
presence of various DNAs at high P/D values. 
The shape and the maximum of the fluorescence 
spectrum of each dye bound to DNA are depen- 
dent on the GC content of QNA. A blue shift and 
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Fig. 3. Normalized fluorescence quzmrum spectr= of PF (5-O 
FM) in .zae prese~tce of vttrious DNAs in 5 mM phosphate 
buffer (pH 6.9) at 25°C: (I) free. (2) poIy[d(A-T)] (P/D = 108) 
and C. per/ringers DNA (P/D = 200). (3) E. coli DNA (P/D 
= 399). (4) M. &~o&ikricus DNA (P/D = ZOO). (5) polyfdG)- 
poly(dC) (P/D =c 101). The excitation wavelength xss 400 nm. 
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Fig. 4. Normalized fluorescence quantum spectra of AY (5.0 
PM) in the presence of various DNAs in 5 mM phosphate 
buffer (pH 6.9) at 25°C: (I) free. (2) poly[dfA-T)] (P/D = U-IS). 
(3) c. per-i~g~~~ DNA (P/D = 200). (4) calf thymus DNA 
(P/D = 799). (5) M. Ir\rodeikricus DNA (P/D- 400). (6) 
poly(dG)-poIy(dC) (P/D = 101). The excitation wavelength was 
400 nm. 

a narrowing of the fluorescence band are observed 
upon binding to DNA as compared to the spec- 
trum of the free dye. As can be seen in figs. 3 and 
4, there is a red shift of the fluorescence band with 
increasing GC content. This behavior was more 
pronounced in the case of class IX than class I in 
which the magnitude of spectral shifts was in the 
order: PF-BZ > AF > PF_ Similarly. the absorp- 
tion spectra of the bound dye show only a slight 
dependence on the GC content; there is a blue 
shift of the spectrum with increasing GC content. 
The spectral behavior of the bound PF agrees with 
that previously reported [IS]. 

The fluorescence quantum yield (@r) of the dye 
bound to DNA strongly depended on its base 
composition_ As can be seen in fig. 5, the @, value 
decreases with increasing GC content. This trend 
for PF and AF is consistent with that previously 
reported Ill-13,15,16,29]. The @r value of the 
poly(dG)- poly(dC)-dye complex for class I is 
nearly zero, while that for class II is not zero (table 
1). This result suggests that a GC pair afmost 
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Fig. 5. Fiuorescence quantum yields ( QF) of the DNA-dye 
complexes vs. the GC content of DNA. (A) PF (0). AF (0). 
PF-BZ (A). (9) AY (O), AY-ME (0). BF (A). 

completely quenches the fluorescence for class I, 
whereas the dye bound in the vicinity of GC pairs 
is still fluorescent for class II although its fluores- 
cence is markedly quenched_ 

3.3. Fluorescence decal? curues 

Since the fluorescence quantum yield of the 
bound dye shows a strong dependence on the GC 
content of DNA, transient fluorescence decay 
curves were measured for further investigating the 
interaction of the dye with the binding sites. De- 
cay measurements were made at high P/D values 
(P/D > 100) and at low ionic strength (5 mM 
phosphate buffer) to minimize the effects of un- 
bound dye and energy transfer [30]. Under these 

conditions, the contribution of the free dye was 
estimated to be below 0.2% on the basis of equi- 
librium dialysis data (Kubota et al.. unpublished 
results). 

It was found that the fluorescence decay kinet- 
ics of the dye followed a single-exponential decay 
law but that of the dye bound to DNA was 
complex. Typical decay curves obtained with the 
calf thymus DNA-AY and M. iysodeikticus DNA- 
AY compIexes are shown in figs. 6 and 7. respec- 
tively. Both figures indicate that the decay 
of AY upon binding to DNA obeys a 
ponential decay law. It was also found 
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Fig. 6. Two-component analysis 05 the fluorescence decay of 
the calf thymus DNA-AY complex (P/D = 799) in 5 mM 
phosphate buffer (pH 6.9) at 25’%. The concentration of AY 
was 5.0 pM. and the decay was observed at 495 nm. Curve A is 
the apparatus response function. Curve B is the observed decay 
curve. The smoorh curve C shows the best theoretical decay 

curve based on two exponentials. Curve D is the weighed 
residuals. The inset is the autocorrelation function of the 
residuals. Parameters obtained: rr = 6.8 ns. 72 = 1.5 ns. Q, = 
0.150. n2 = 0.384 and x2 - 1.64. The amplitudes normalized to 
unity are a, = 0.28 and az = 0.72. 
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Fig. 7. T-o-component analysis of the fluorescence decay of 
thr M. !vn&~ikrrcus DNA-AY complex (P/D = 400) in 5 mM 
phosphate buffer (pH 6.9) at 25Y. Conditions and legends 10 
each curve are ;1s described for fig. 6. The theoretical decay 
curvtz is hased on the following parameters: T, = 6.9 ns. r2 = 1.2 
n>. LI, = 0.032. Q~ = 0.583 and x’ = 1.58. The amplitudes nor- 
malized to unity arr (I, = 0.05 and az = 0.95. 

decay curves could be well described as a sum of 
two exponentials except for the C. perfringens 
DNA-PF and calf thymus DNA-PF complexes in 

which one-component analysis gave the best re- 
sults. Typical sets of the decay parameters ob- 
tained for the DNA-dye complexes at high P/D 
values are summarized in table 1. As shown by the 
results for the DNA-AY complexes in table 1, 
P/D (P/D > 100) and ionic strength (I = 
0.01-0.31) did not affect the decay parameters. 
This finding suggests that the decay parameters 
presented here are characteristic of the dye bound 
to DNA. 

It can be clearly seen from table 1 that the 
decay parameters, especially the amplitudes, de- 
pend on both the base composition of DNA and 

the dye structure. On the other hand, Duportail et 
al. [31] have reported that the fluorescence decays 
of several acridine dyes (PF, 9AA, etc.) can be 
resolved into two components corresponding to a 
short and a long lifetime and that relative propor- 
tions of these two components depend only slightly 
on the DNA base composition, but do not depend 
on the dye structure. There is a significant dis- 
agreement between our work and the results of 
Duportail et al. [31]. However, their results should 
be reexamined because they did not take into 
account artifacts, anisotropic contributions to the 
observed decay [22] and energy-dependent effects 
of the photomultiplier tube [32], which might in- 
troduce significant errors in determination of the 
decay parameters. 

3.4. Fluorescence decays of poly[d(A - T)]-d>Te and 
poly(dG) - poIy(dC)-dye complexes 

We next examined the fluorescence decays of 
the dye upon binding to poly[d(A-T)] and 
poly(dG)- poly(dC) which contain only one type 
of binding site. As shown by the typical decay 
curves obtained with the poly[d(A-T)]-AY com- 
plex in fig. 8, it was found that the fluorescence 

decay of the dye bound to poly[d(A-T)] followed a 
single-exponential decay law. It is to be noted that 
for each dye the component T, of the DNA-dye 
complex is almost the same as the lifetime of the 
poly[d(A-T)]-dye complex (table 1). On the other 
hand, the fluorescence decay of the dye bound to 
poly(dG)- poly(dC) was found to obey a two- 
exponential decay law. The decay behavior, shown 

in table 1, differs between class i and II. The 
amplitude (Y, is much smaller than the amplitude 
a2 in the case of class I, but both amplitudes are 
almost of the same magnitude in the case of class 
II. In harmony with the Gp, values obtained for the 

dye upon binding to poly(dG) - poly(dC) (table l), 
this result also implies that quenching interactions 
between the dye and the GC pair are different for 
class I and II. 

3.5. Dependence of decay parameters on emission 
wavelength 

Since the fluorescence spectrum of the dye upon 
binding to DNA depends on the base composi- 
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Table 1 

Fluorescence decay parameters and quantum yields for PF, AF. PF-BZ. AY. AY-ME, BF and their complexes with DNAs of various 
base composition 

The solvent was S mM phosphate buffer (pH 6.9) at 25°C. and the dye concentration was 5.0-5.1 PM. The emission was observed at 
500 m-n for free dyes and poly(dG).poly(dC)-dye complexes and at 495 nm for the other systems. x’ values ranged from 1.1 to 1.9. 
The amplitudes ((I values) are normalized to unity. 

system GC($) P/D 

PF 
Free 
Polyfd(A--I-)] 
C. perfringens DNA a 
Calf thymus DNA a 
E. coli DNA 
M. Iysodeikticus DNA 
Poly(dG).poly(dC) b 

0 108 
30 408 
42 400 
50 399 
72 400 

100 101 

Al= 
Free 
PolyId(A-T)] 
C. per/ringens DNA 
Calf thymus DNA 
E. coli DNA 
M. lysodeikticur DNA 
Poly(dG)-poly(dC) = 

0 108 
30 200 
42 400 
50 200 
72 200 

100 108 

PF-BZ 
Free 
PoIyjd(A-T)] 
C. perfringens DNA 

Calf thymus DNA 
M. lysodeikricus DNA 
Poly(dG)-poly(dC) = 

0 104 
30 221 
42 406 
72 218 

100 109 

AY 
Free 
Poly[d(A-T)] 
C. perfringens DNA 

0 
30 

Calf thymus DNA 42 

E. c&i DNA 50 

M. lysodeikticuv DNA 72 

Poly(dG)-poly(dC) ’ 100 

AY-ME 
FWS 
Poly[d(A-T)] 
C. perfringens DNA 
Calf thymus DNA 
M. fysodeikticus DNA 
Poly(dG)-poly(dC) = 

0 102 
30 219 
42 229 
72 216 

100 109 

108 
407 
200 
799 
400 
4ood 

2: 

400 
200 
400 
200 
101 

4.8 1.00 
6.7 1.00 
6.3 1.00 
6.4 1.00 
6.5 0.78 
6.1 0.18 
6.0 0.008 

5.0 1.00 
5.5 1.00 
5.4 0.87 
5.4 0.79 
5.4 0.65 
4.8 0.18 
5.2 0.006 

4.8 1.00 
5.3 1.00 
5.0 0.78 
4.8 0.62 
4.2 0.23. 
5.1 0.07 

5.2 1.00 
6.9 1.00 
6.9 0.49 
6.8 0.50 
6.8 0.28 
6.7 0.27 
6.9 0.28 
6.9 0.28 
6.9 0.27 
6.9 0.24 
6.7 0.24 
6.9 0.05 
6.6 0.05 
4.8 0.39 

4.8 1.00 
5.5 1.00 
5.5 0.50 
5.1 0.35 
4.3 0.28 
4.4 0.55 

1.8 0.22 
0.4 0.82 
0.5 0.992 

1.7 0.13 
1.4 0.21 
1.3 0.35 
0.4 0.82 
0.5 0.994 

2.0 0.22 
1.4 0.38 
0.5 0.77 
0.5 0.93 

1.6 0.51 
1.4 0.50 
1.5 0.72 
1.5 0.73 
1.5 0.72 
1.5 0.72 
1.3 0.73 
1.5 0.76 
1.4 0.76 
1.2 0.95 
1.2 0.95 
1.3 0.61 

1.8 0.50 
1.8 0.65 
1.3 0.72 
1.2 0.45 

0.440 

0.477 
0.211 
0.141 
0.066 
0.017 
0.005 

0.547 
0.544 
0.200 
0.131 
0.055 
0.013 
0.017 

0.601 
0.683 
0.230 
0.080 
0.018 
0.013 

0.424 
0.532 
0.235 
0.250 
0.137 
0.142 
0.128 
0.141 
0.142 
0.108 
0.108 
0.052 
0.052 
0.070 

0.440 
0.541 
0.350 
0.235 
0.168 
0.221 
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Table 1 (continued) 

System GC 6) I-‘/D 71 =I 72 Q2 @P, 

(ns) (ns) 

BF 

Free 5.3 1.00 0.463 
Poly[d(A-T)] 0 105 6.9 1.90 0.624 
C. perfringens DNA 30 224 6.8 0.48 1.5 0.52 0.415 
Calf thymus DNA 42 233 6.7 0.26 1.4 0.74 0.228 
hf. !rsodeikricu.s DNA 72 220 6.2 0.06 1.1 0.94 0.112 
PoIy(dG).poly(dC) ’ 100 111 4.7 0.54 1.4 0.46 0.165 

a One-component analysis yielded the best results. 
h According to the manufacturer (Miles). G = 47% and C = 53%. 
c G=41%andC=59%. 
’ The so!vrnt was 5 mM sodium phosphate. 0.1 M NaCI. pH 6.9. 25OC. 
c 5 mM sodium phosphate. 0.2 M N&I, pH 6.9. 25°C. 
’ sodium phosphate. 5 mM 0.3 M NaCI. pH 6.9. 25OC. 

0 20 40 60 

TIME CNSECI 

Flp. X. One-component analysis of the fluorescence decay of 
rhe pol>(d(A-T)]-AY complex (P/D = 108) in 5 mM phosphate 
huffcr (pH 6.9) at 2PC. Conditions and legends to each curve 
are ;1s described for fig. 6. The theoretical decay curve is based 
on the following parameters: 5 = 6.9 ns. n = 0.258 and xz = 1.88. 

tion, it was of interest to study whether or not the 
decay parameters depend upon the emission wave- 
length. Typical results obtained with the calf 
thymus DNA-PF-BZ and calf thymus DNA-AY 
complexes are summarized in table 2. It is evident 
that the two lifetimes do not show any significant 
changes with the emission wavelength, whereas the 
amplitudes are dependent on it; there is a decrease 
in (r, and an increase in c+ at the longer wave- 
length (table 2). 

3.6. Fluorescence behavior of GMP-dye complexes 

In order to understand the nature of interac- 
tions between the dye and DNA, the fluorescence 
properties of the dye complexed with mono- 
nucleotides were investigated. Of the four mono- 
nucleotides, only GMP caused a strong quenching 
of the dye fluorescence_ The absorption spectra of 
the dye in the presence of GMP showed a red shift 
and a decrease in the intensity, as a result of the 
formation of the specific complex between the dye 
and GMP [15,33,34]. In the case of class I, the 
fluorescence and fluorescence-excitation spectra of 
the dye in the presence of GMP were identical 
with the corresponding spectra of the free dye. On 
the other hand, the progressive red shift of the 
fluorescence spectra with increasing GMP con- 
centration was observed for class II, suggesting 
that the fluorescence spectrum may be assigned to 
the superposition of emissions of both the free and 
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Table 2 

Decay parameters obtained for calf thymus DNA-PF-BZ (P/D = 205) and calf thymus DNA-AY (P/D = 204) complexes in 5 mM 
phosphate buffer (pH 6.9) at 25’=C 

The concentrations of PF-BZ and AY were 5.0 and 5.1 FM. respectively. x2 ranged from 1.2 to 1.8. The amplitudes (~1. values) are 

normalized to unity. 

System Emission 

wavelength 

(nm) 

at 72 Q2 
(ns) 

Calf thymus DNA-PF-BZ 

Calf thymus DNA-AY 

480 4.7 0.67 1.3 0.33 
495 4.8 0.63 1.4 0.37 

510 4.9 0.61 1.4 0.39 
530 4.8 0.58 1.4 0.42 

480 6.7 0.32 1.6 0.68 
495 6.7 0.28 1.5 0.72 
510 6.7 0.26 1.4 0.74 
530 6.7 0.23 1.4 0.77 
550 6.6 0.22 1.2 0.18 

complexed dye. These observations lead to the 
conclusion that the GMP-dye complex is nonfluo- 
rescent for class I, but fluorescent for class II. In 
practice, the fluorescence quantum yield of the 
complex (@i), which was determined by extrapo- 
lating the apparent quantum yield to infinite GMP 
concentration, was found to be zero and nonzero 
for class I and II, respectively (table 3). 

It was found that the fluorescence decays of the 
GMP-dye systems for class I obeyed a single-ex- 
ponential decay law, while those for class II fol- 
lowed a two-exponential decay law, reflecting the 
contribution of the complex to the total fluo- 
rescence. 

The quenching data were analyzed according to 
the general reaction mechanism which takes into 
account complex formation in the ground state as 

well as in the excited singlet state; details of analy- 
sis have been described elsewhere [34]. The bi- 
.nolecular quenching rate constant (k,) and the 
lifetime of the GMP-dye complex (7;) were de- 
termined from the transient decay data [34], and 
the results are summarized in table 3. The magni- 
tudes reported for the rate constant k, are as 
expected for a diffusion-controlled reaction [35]. 
On the other hand, the rate constant k, obtained 
from the steady-state fluorescence yields was 
20-305X larger than that obtained from the tran- 
sient decay data. This discrepancy may be ascribed 
to transient effects associated with diffusion [36]_ 
Taking into account transient effects [34], the ef- 
fective quenching radius (R,) for the encounter 
pair between the dye and GMP was estimated to 
be 9-13 A; here, R, is the distance that the 

Table 3 

Parameters for fluoresence quenching of PF. AF, PF-BZ, AY. AY-ME and BF by GMP 

The solvent was 0.1 M phosphate buffer (pH 6.8) at 25V. and the dye concentration was in the range 1.0-2.0 PM. Q0 and 70 are the 
fluorescence quantum yield and the lifetime of the free dye; @,$ and ~6 are the corresponding quantities for the GMP-dye complex. 

@O 

@h 
7. (ns) 
~0’ (ns) 
&(x10-‘)(M-Is-‘) 

PF AF PF-BZ 

0.44 0.55 0.60 

0 0 0 
4.9 5.0 4.8 

4.19 3.92 3.62 

AY AY-ME BF 

0.42 0.46 0.46 

0.030 0.053 0.038 
5.4 4.8 5.2 
0.74 1.18 0.71 

4.07 3.96 3.81 
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quenching process occurs with a probability of 1. 
This value is in agreement with the value (R, = 8 

A) reported for the GMP-PF [33] and GMP-9AA 
systems 1341. The results obtained here present 
strong evirlence supporting the contention that 
guanine residues in DNA play a major role in the 
fluorescence quenching of the bound dye and act 
in a different way for class I and II. 

4. Discussion 

The data presented here indicate that the fluo- 
rescence decays of 3.6-diaminoacridine derivatives 
upon binding to poty[d(A-T)] follow a single-ex- 
ponential decay law but that those of the dye upon 
binding to DNA are complex_ Our present criteria 
(the reduced xz, weighed residuals and autocorre- 
lation function of the residuals) show that the 
fluorescence decay curves of the DNA-dye ccm- 
plexes can be well resolved into two exponential 
components_ 

It is clear from table 1 that each fluorescence 
lifetime obtained by the two-component analysis is 
almost independent of the GC content of DNA or 
only slightly dependent. while the proportion of 
the amplitudes (a values) shows a marked depen- 
dence. It therefore seems reasonable to conclude 
that the fluorescence decay behavior of the DNA- 
dye complex is a result of the heterogeneity of the 
emitting sites. Possible explanation for the two-ex- 
ponential decay obtained with the DNA-dye com- 
plexes may involve two different binding sites, GC 
and AT sites. As seen in figs. 3 and 4. the shape of 
the fluorescence spectrum of the bound dye as well 
as its maximum is dependent on the GC content. 
A blue shift and a narrowing of the fluorescence 
band are observed upon binding to DNA as com- 
pared to the spectrum of the free dye. The maxi- 
mum of the fluorescence band can be seen to shift 
progressively toward longer wavelengths with in- 
creasing GC content (figs. 3 and 4). This change 
suggests that the fluorescence spectrum may be 
assigned to the superposition of emissions of the 
dye bound near AT and GC base-pairs. In 
harmony with the fluorescence spectral behavior. 
the decay parameters show a dependence on the 
emission wavelength; the amplitude Q, decreases 

with increasing emission wavelength, while the am- 
plitude a, increases (table 2). For each dye the 
long lifetime r1 is almost the same as the lifetime 
of the corresponding poly[d(A-T)]-dye complex 
(table 1). Furthermore, there is a continuous de- 
crease of the amplitude 01, with increasing GC 
content (table 1). On the other hand, the short 
lifetime TV is not observed for the poly[d(A-T)]-dye 
complex and is very close to the TV value obtained 
for the poly(dG) - poly(dC)-dye complex (table 1) 
or the ~-0’ value obtained for the GMP-dye complex 
(table 3). In view of these results, it seems reasona- 
ble to assume that the long lifetime or is ascribable 
to the dye bound to AT sites and the short lifetime 
TV to the dye bound in the neighborhood of GC 
pairs. 

In addition to the fully intercalated complex 
proposed by Lerman [6,7], the formation of another 
type of complex is possible_ Temperature-jump 
relaxation studies have shown that PF binds to 
DNA in two kinetically distinguishable steps 
[37-401. In the first step, the dye binds to phos- 
phate groups at the outside by electrostatic attrac- 
tion in which the dye can only partly overlap the 
DNA base rings. This externally bound or partly 
intercalated complex mainly occurs in the GC-rich 
regions as a precursor of the fully intercalated 
complex in the final step [38]. The possibility of 
partial intercalation or external binding stems from 
X-ray crystallographic and proton magnetic reso- 
nance studies of complex formation between 
aminoacridines and dinucleotides or oligonucleo- 
tides [18,41,42]. Further, a red shift of the fluo- 
rescence band with increasing GC content (figs. 3 
and 4) indicates that the dye bound in the vicinity 
of GC pairs is to a considerable extent exposed to 
the surrounding solvent. This presents further evi- 
dence for partial intercalation or external binding. 

If we do not distinguish AT pairs from TA 
pairs and GC pairs from CG pairs, there are three 
types of intercalation sites in DNA: AT-AT. AT- 
GC and GC-GC sites. Judging from the effective 
quenching radius (R, = 9-13 A) and @A = 0 for 
class I (table 3) it is expected that the greater 
contact between the dye and guanine residues 
causes the more efficient quenching of fluo- 
rescence. For class I, therefore, full intercalation 
between GC-GC or AT-GC sites may result in 
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complete quenching of the dye fluorescence. For 
class II, on the other hand, the nonzero value of @i 
(table 3) implies that the dye bound in the vicinity 
of GC pairs may be still fluorescent indeaendent 
of the conformational states, full or pziialinterca- 
lation. If the amplitude a, is plotted against the 
fraction of the AT-AT site (AT’). we obtain the 

result shown in fig. 9. There is a good linearity 
between o[, and AT’ in the case of class II. Since 
the amplitude is proportional to the number of 
fluorescing molecules [23], this finding indicates 
that the long lifetime 4, is ascribable to the dye 
intercalated in AT-AT sites, while the short life- 
time TV is attributable to the dye bound to AT-GC 

1.0 

5 0.5 

0 
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0 

0 l A 

l A 
A 
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1 L I I 

1.0 - 
6 

AT2 (%) 
Fig. 9. The amplitude a, corresponding to the long lifetime 7, 
vs. the fraction of the AT-AT site (AT’). (A) PF (0). AF (0). 
PF-BZ(A). (B) AY (0). AY-ME (a), BF (A). 

or GC-GC sites. As inferred from the fluorescence 
spectral shift (fig. 4), it appears likely that the 
partly intercalated or externally bound dye plays a 
major role in the component TV_ On the other 
hand, the deviation from linearity for class I (fig. 
9) can be understood to show that only the partly 
intercalated or externally bound dye in AT-GC or 
GC-GC sites is responsible for the component TV; 
this interpretation is consistent with the zero value 
of @A (table 3). As can be seen in fig. 9, the 
contribution of the component TV appears to in- 
crease in the order: PF-BZ > AF > PF. If we as- 
sume that preferential binding to particular sites 
does not occ’Jr and bound dye molecules are ran- 
domly distributed among the available binding 
sites [173, we can estimate the proportion of the 
partly intercalated or externally bound dye, using 
the equation cr,AT’/a,(l - AT’). The values thus 
obtained are about 0.09 for PF, 0.15 for AF and 
0.27 for PF-BZ except for the 1~4~ Iysodeikticus 

DNA-dye complexes (0.29-O-39). This finding 
suggests that the introduction of the bulky sub- 
stituent into the acridine ring may cause the in- 
crease in proportion of the partly intercalated 3r 
externally bound dye. The single-exponential de- 
cays observed for the C. perfringens DNA-PF and 
calf thymus DNA-PF complexes (table 1) may be 
due to the small proportion of the partly inter- 
calated or externally bound dye. 

In the case of class I, the quantum yield of the 
dye upon binding to poly(dG)-poly(dC) is very 
low and the component T, i; dominant (table 1). 
The component 7, may be due to the unequal 
content of guanine and cytosine bases in the sam- 
ple of poly(dG) - poly(dC) or to the contribution of 
the free dye. In contrast, the corresponding quan- 
tum yield for class II is relatively high (table 1). 
Further, there is a considerable contribution of the 
component 7,, suggesting the presence of two dif- 
ferent forms of the complex (table 1). This result is 
particularly surprising in view of the strong 
quenching ability of GC pairs or guanine residues. 
This cannot be explained solely by a slight excess 
of cytosine in the sample of poly(dG)-poly(dC) 
examined_ It may be that the presence of the 
methyl groups at the 2,7-positions of the acridine 
ring produces some structural changes at the bind- 
ing sites in such a way that the bound dye be- 
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comes fluorescent; however. this is still not clear 
from the present work. 

The data presented in this paper demonstrate 
that the decay and fluorescence spectral features 
of the bound 3,6diaminoacridine derivatives are 
quite different from those of the bound 9AA in 
which three-exponential decays and zero quantum 
yield upon binding to poly(dG) - poly(dC) are ob- 
served 1171. This result may arise from differences 
between quenching interactions for 9AA and 3,6- 
diaminoacridine derivatives. It is clear that the GC 
pair has q-enching ability in the order: 9AA > 
class I > class II. Even a small change in the dye 
structure may exert a large effect upon the binding 
interaction of the dye with DNA, reflecting changes 
in the electronic charge of the acridine ring or its 
amino groups 133,431 and in the geometry of the 
intercalated complex [#I_ As is seen in table 3. the 
k, value decreases in the order: PF-BZ c AF -z PF 
for class I and BF K AY-ME < AY for class II. 
This result can be interpreted to indicate that the 
more buIky substituent attached to the acridine 
ring results in less favorable geometry between the 
dye and guanine residues so that efficient quench- 
ing does not occur. It is evident that the mecha- 
nism of the binding interaction does not have to 
be exactly the same for each dye. In fact. the 
finding that different intercalating dyes have dif- 
ferent effects on the DNA structure suggests such 
a possibility 1441. Further. recent relaxation kinetic 
studies also show that the binding mechanism is 
rather complicated depending on the dye structure 
(ref. 45: and Kubota et al.. unpublished results), 
Finally. it may be that transient fluorescence tech- 
niques can be used to indicate the heterogeneity of 
the binding sites in other aminoacridines. 
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