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Fluorescence properties (quantum yield, decay curve, lifetime and polarization) of acridine orange and profiavine
bound to DNA were examined as a function of nucleotide to dye (P/D) ratio. First, mean fluoicscence lifetimes were
determined by the phase-shift measurements. The lifetime and quantum yield of acridine orange increased in a parallel
fashion with increasing P/D ratio. There was no parallel refation between the lifetime and quantum yield for profiavine;
the lifetime showed a minimum around P/D = 10. Next, fluorescence decay curves were measured by the monophoton
counting technique and analyzed with the zaid of the method of moments and the Laplace transform method. The results
_ showed that the fluorescence decay of bound acridine orange was exponential above P/D = 10. On the other hand, the
decay of bound proflavine was exponential above P/D = 100, but markedly deviated from exponentiality with decreasing
P/D ratio. The results of fluorescence polarization suggested that this phenomenon is the result of Férster energy transfer
between proflavine molecules bound to the fluorescent site (AT pair) and bound to the quenching site (GC pair). Critical

transfer distances were 26.4 and 37.0 A, respectively, for bound proflavine and acridne orange.

1. Infroduction

The interaction of fluorescent dyes with DNA is of
special interest because of the biological and physico-
chemical aspects of both the process of small-mole-
cule binding to DNA and the process of charge trans-
fer or energy transfer within the nucleic acid (for
review see refs. [1—3]). Fluorescence studies showed
that the fluorescence properties of acridine dyes
bound to DNA depend on both the dye structure and
the nature of the binding sites and that acridine dyes
are classified into three types with respect to fluo-
rescence properties; typical results are those of
acridine orange (AQ), proflavine (PF) and 9-amino-
acridine (9-A) [4—7]. If PF is intercalated between
adjacent AT pairs, it emits fluorescence of which the
quantum yield is nearly equal to that of free dye;
however, the presence of only one GC pair in the
vicinity of bound PF leads to an almost complete
quenching of the fluorescence [5,6,8—11}]. It has been
also described that acriflavine (10-methylated PF)
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[12,13] and quinacrine [14—17] behave similarly to
PF. There is only one type of site in the case of AQO
since no quenching of fluorescence can be detected
{4—6,18]. Further, the fluorescence quantum yield

of 9-A is almost zero when bound to calf thymus DNA
[5], suggesting that both AT and GC pairs may be
quenching sites. This phenomenon probably is the
result of a specific interaction between dyes and
binding sites. It is possible that similar interaction may
play an important role in the biological actions of
acridine dyes {6,19,20].

In an attempt to elucidate the specific interaction
between these acridine dyes and binding sites, the
fluorescence properties of the dye—nucleotide [21]
and dye—DNA systems have been systematically in-
vestigated under various conditions. This paper describes
the fluorescence lifetime and quantum yield character-
istics of AO and PF when bound to DNA, poly d(A—T)
and poly (dG) - poly (dC) as a function of P/D. We
also report that the fluorescence decay of AO bound to
DNA is exponential above P/D = 10, whereas that of
PF deviates from exponentiality with decreasing P/D
ratio, resulting from Forster energy transfer [22—25]
between PF molecules bound to the fluorescent site
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(AT pair) and bound to the quenching site (GC pair).
The resulis of 9-A have been described elsewhere [26].

2. Materials and methods
2. 1. Marerials

Calf thymus DNA was purchased from Worthing-
ton Biochemical Corporation. Poly d(A—T) and
poly (dG) - poly (dC) were obtainad from Miles
Laboratories. The concentrations of the polynucleo-
tides were calculated from their absorption spectra
using the molar extinction coefficients per nucleo-
tide residue [27,28]. The thermal denaturation of
DNA was performed by heating the DNA solution
for 20 min in boiling water and by then rapidly cool-
ing it in ice water.

AQO (Chromez) and PF (British Drug Houses) were
purified by repeated crystallization and chromatog-
raphy. Any trace of impurity was not detected by
thin-layer chromatography on silica gel for each dye.

All solutions were made up in 5 mM phosphate
buffer (ionic strength of 0.01) at pH 6.9. Low ionic
strength was used to minimize the amounts of un-
bound dye molecules.

2.2. Absorption spectra

Absorbances were measured with a Shimadzu QV-
50 spectrophotometer using the expanded scale
whenever necessary. Complete absorption specira
were recorded with a Shimadzu UV-200S spectro-
photometer.

2.3. Fluorescence spectra and fluorescence
polarizgtion

The fluorescence spectra were measured with a
Hitachi MPF-2A fluorescence spectrophotometer;
they were corrected for the spectral sensitivity of an
optical system consisting of lenses, a monochromator
and an R446-UR photomultiplier (Hamamatsu TV).
Slitwidth was used for assuring a resolution ¢f 2 nm.

Fluorescence quantum yields were determined
according to the method described by Parker and
Rees [29]. First, to determine the quantum yields of
AQ and PF the area under the corrected fluorescence

spectrum plotted against wavenumber was compared
with the corresponding area obtained with the fluores-
cence standard. Quinine sulfate was used for the
standard [30,31]. Next, the quantun: yield of the
complex at a given P/D was determined by comparing
the area under the corrected fluorescence spectrum
of the complex with that of free dye. It is necessary
to consider the artifacts due to the polarization when
measuring the quantum yields; various methods to
avoid such artifacts have been suggested [32—35]. In
this study we generally used the following procedure
[18]. A total intensity of fluorescence at a given
wavelength (/g) is obtained by:

Ig =Iyy + 2vy Inv/?uu, )

where [yv, Iyvu, /gy and fyv are the intensities of
the four components of the fluorescent light. The sub-
scripts denote the directions of polarization; the first
letter for the exciting light and the second for the
fluorescence. The factor, Fygy/igy, corrects fo. the
unequal transmitivity of the emission monochromator
for light polarized horizontally or vertically [36]. To
avoid a troublesome correction of the measurements
at all wavelengths, a correction curve was established
for each system as a function of P/D. This curve gives
the ratio of the total intensity measured at maximum
wavelength to the total area of the corrected fluores-
cence spectrum.

Polarization of fluorescence was measured with the
same fluorescence spectrophotometer, with a pair of
Polacoat dichroic filters as the polarizer and the ana-
lyzer. With the incident beam vertically polarized,
the degree of polarization (P) is given by [36]:

_vyv—Iviy Invllun

P= R
fyv + vy Igv/lun

&)

2.4. Fluorescence lifetimes and decay curves

Fluorescence lifetimes were measured with a
JASCO FL-10 phase fluorometer using exciting light
modulated at 13.56 MHz [5]. If the fluorescence
response function is /(#), its fluorescence response to
an exciting light function £(r) is given by the con-
volution integral [37]:

D= f E(t — 1) I(2e)due, 3)
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where £(¢) is a periodic function, which may be ex-

pressed as a Fourier series in terms of the fundamen-

tal angular frequency . When @ is a phase difference

between F(z) and £(), one obtaines the following

equation:

tan @ = f sin cot I()de/ f cos wi K)ds. %)
o 0

In general () is assumed to be a monoexponential
or multiexponential function:
](r) =Ea,- exp(—t/7;), )

where ¢; and 77 are the amplitude and lifetime, re-
spectively, of the ith component. If I(z) is 2 mono-
exponential function, eq. {4) leads to:

tand = cor. ©)

Eq. (6) is the basic equation of the phase fluorometer.
Unfortunately, one cannot always assume a homo-
geneous emitting population. If 7(r) is a multiexponen-
tial function like eq. (5), the average value of the phase
shift is given by:

tan @ = {7, (7))

where

_ Zeyrf [ + wPrf
o= Sour /(1 + *1F) &)

Fluorescence decay curves were obtained with an
Ortec 9200 monophoton counting nanosecond fluoro-
meter. Appropriate Corning filters and Baird Atomic
interference filters were used to select the excitation
and emission wavelengths. A correction was made
for the contribution of the scattered light and emis-
sion from the interference filter by subtraction of
the appropriate controls. In this technique the ex-
citing light function £(¢) is a recurrent light pulse of
short duration. Then the observed emission F(¢) is
given by the convolution [37]:

i g R
A= f E( ~ u){(u) du. )
[1]

Beconvolution of eq. (9) to obtain I(r) was done with
the aid of both the method of moments [38,39] and
the Laplace transform method [40], assuming that
I(?) is expressed by eq. (5). Copies of these

computer programs are kindly supplied to us by Dr.
R.D. Dyson and Dr. L. Brand. On the other hand, in
the cases of energy transfer [22—-24.41 42} and
fluorescence quenching [43], the decay law acrually
follows:

(1) = [ exp[—(at + br17?)]. (10)

In this case, we generally used the following procedure.
Assuming appropriate values of 2 and b in eq. (10),

we tried several /(r) functions so that the numerically
camputed convolution with the profile of the exciting
light pulse may fit the experimental curve. The com-
puted curve, FO(k), was then visually compared with
the experimental curve, F(k), and the weighed residue
(x*) was calculated according to the method of

Knight and Selinger [44]}:

_ LS~ [AB) — FO(0))?

The quality of the fits was judged from two stand-
pointis: (1) the overlap between the experimental
decay curve and the computed decay curve and (2)
the smallest ¥* value. A Univac 1108 computer was
used for all analyses.

The natural decay of fluorescence, Iy(r) + 21;(0),
was obtained by two methods [45,46]: (1) The
emission is observed without the polarizer by orient-
ing the analyzer at an angle of 35.3° to the normal
axis of the experimental plane and (2) the emission
is observed by orienting the analyzer at an angle of
54.7° to the normal axis using the exciting light
vertically polarized. Both methods gave the same decay
curves.

For all measurements, the temperature was 23 £
1°C unlass otherwise stated.

3. Resulis and discussion

3. 1. Fluorescence lifetimes and quantum vields of AQ
and PF bound to DNA

If we examine the fluorescence of a constant con-
eentration of AO and PF over a wide range of P/D.
the results shown in figs. 1 and 2 are obtained. Here
mean fluorescence lifetimes (7)) were obtained from
the phase-shift measurements. The guantum yield
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Fig. 1. Mean fluorescence lifetimes ((7)) and quantum yields
(vp:) of AQ bound to DNA as a function of P/D. The
solvent was S mM phosphate buffer (pH 6.9) at 23°C. The
dyc concentration was 2.0 X 10™% M. The excitation wave-
length was 450 nm. =: © native DNA, a denatuzed DNA. @f:
e native DNA, a denatured DNA. The dotted curve shows
the mean lifetimes ({(#)) computed on the assumption that
the fluorescence results from both free and bound dye mole-
cules {see text for details).

profile of AO is in agreement with previous findings
[4,18,47,48]. As is seen in fig. 1, the lifetime and
quantum yield of AO bound to native DNA increase
in a parallel fashion with increasing P/D ratio. On

the other hand, the lifetime of PF bound to native
DNA decreases with decreasing P/D ratio and shows
a minimum around P/D = 10; there is no parallel rela-
tion between the lifetime and the quantum yield
(fig. 2).

<t> (ns)
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Fig. 2. Mean fluorescence I?t{e[t’imcs (™) and quantum yields
(o) of PF bound to DNA as a function of P/D. The dye con-
centration was 2.0 X 107¢ M. The excitation wavelength

was 400 nn. The symbols and the dotted curve are the same
as for fig. 1.
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1t should be noted that the observed yield and the
lifetime calculated from the phase-shift measurements
were average values which must be considered de-
pendent on the number of fluorescence components
present in solution [49,50]. The decay-curve measure-
ments by the monophoton counting technique re-
vealed that the fluorescence decays of AO and PF are
monoexponential at a high P/D ratio; this will be
described later. For the sake of simplicity, we first
assume that the emission at a lower PfD ratio results
from both free and bound dye molecules. Then the
fluorescence response function f(£) is given by:

(1) = oy exp(—1/7¢) ¥ &z exp(—i/7p), (12)
where

a; = eCrPp/(esCy + €pCh),

@ = €pCoPu/(erCr + €6 Co) (13)

and where € is the molar extinction coefficient at
excitation wavelength, C the concentration of dye and
@ the quantum yield of fluorescence; the subscripis
f and b denote free and bound dye molecules. The
values of Cy and Cy were calculated on the basis of
equilibrium dialysis [51]. Then the mean lifetimes
(7)) were computed according to eqs. (12), (13) and
(8); the results are shown by dotted lines in figs. 1
and 2. The calculated curve roughly coincides with
the observed curve above P/D = 10 for DNA—AQO
system (fig. 1). From the data of equilibrium dialysis
and spectroscopy, Armstrong et al. [52] suggested
that, at low ionic strength, a binding of dye dimers
takes place at low P/D ratios by binding of a second
dye molecule to those already intercalated. Fredericq
and Houssier {18] could show that a continuous
decrease of fluorescence with decreasing P/D ratio is
reasonably explained if we admit that such bound
dimers do not fluoresce at all. Thus an agreement be-
tween the calculated and observed curves for (7

is expected by substituting an appropriate mole
fraction of bound dimers into eq. (13).

The fluorescence is remarkably quenched around
P/D = 1; this probably originates from the external
binding of highly aggregated molecules [18,53,54].
On the other hand, the curve for denatured DNA
has a very different trend (fig- 1). A high quantum
yield and lifetime are not attained until the P/D ratio
becomes sufficiently high. This may be due to the
existence of only limited renatured paris of DNA
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Table 1

Fluorescence lifetimes and quantum yields of AO and PF
bound to poly d(A—T) and poly (dG) - poly (dC). The solvent
is 5 mM phosphate buffer (pH 6.9) at 23°C

System @ P/D @) ep
AO 1.7 0.25
AO + poly d(A-T) 203 5.4 0.76
102 5.3 0.75
51 5.2 0.72
20 5.3 0.68
10 5.1 0.60
AQ + poly (dG) - poly (dC) 161 5.6 0.78
101 5.7 0.77
51 5.7 0.77
20 5.5 0.69
109 4.7 0.57
PF 5.0 044
PF + poly d(A-T) 202 7.05 0.52
101 7.1 (7.1) 0.52
50 7.0s 0.52
20 6.95 as1
10 6.9 (6.8) 0.50
PF + poly (dG) - poly (dC) 202 1.35 0.015
101 145 0.015
50 175 06.02
209) 35 0.03
109 44 0.06

a) The concentrations of AO and PF were 2.0 X 1076 and
2.7 X107 M, respectively.
Determined from the phase-shift measurements; the mea-
surements were made several times, and the results
averaged. The values in parentheses were obtained by the
monophoton counting technique.

©) The contribution of free dye was not negligible.

where intercalation can take place; a strong quench-
ing of fluorescence is attributed to the external
binding of aggregates [53,54].

In the case of PF, an agreement between the cal-
culated and observed curves for (7) is not seen (fig. 2).
This clearly indicates that the emission of PF when
bound to DNA includes one or more shorter compo-
nents or that the decay law follows an alternative
mechanism; this will be discussed later. The lifetime
for denatured DNA does not reach the value for
native DNA even at high P/D ratios (fig. 2).

The value of (7}/{7¢ is equal to that of Bg/(Pr)o
at a high P/D ratio for DNA—AQO complexes, whereas
this relation does not hold for DNA—PF complexes
(figs. 1 and 2); here {7}y and (B)o are the lifetime
and the quantum yield, respectively, of free dye. This

Fluorescence intensity
0
T

(o]
N
T

500 550 800 650

Wwavelength  (nm)
Fig. 3. Normalized corrected fluorescence spectra of AQ
(2.0 X 1078 M) in 5 mM phosphate buffer (pH 6.9) at 23°C:
(1) free, (2) bound to DNA (P/D = 200), (3) bound to poly
d(A~T) (P/D = 203) and (4) bound to poly (dG) - poly (dC)
(P/D = 161). The excitation wavelength was 450 nm.

finding offers evidence for at least two types of bind-
ing sites for PF and only one type of site for AQ
[4.5.8].

3.2, Fluorescence lifetimes and quantum yields of AQ
and PF bound to poly dfA—T) and poly (dG) - poly
(dC)

To obtain further information on the interaction
between acridine dyes and the binding sites, we next
examined the fluorescence properties of dyes when
bound to poly d(A—T) and poly {(dG) - poly (dC)
which contain only one type of site. The fluorescence
lifetimes and quantum yields are summarized in
table 1. They confirm and extend previous observa-
tions which were obtained at a high P/D ratio [5,6].
There is a striking parallelisn between lifetimes and
quantum yields except for the PF~poly (dG) -
poly (dC) system; {7)/{7T)g = ®r/(PF)o- When PF is
bound to poly (dG) - poly (dC), the fluorescence is
remarkably quenched with increasing P/D ratio.

Fluorescence spectra are shown in figs. 3 and 4 by
normalizing their maxima to unity; a blue-shift and a
narrowing of the fluorescence band are observed when
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Fig. 4. Normalized corrected fluorescence spectra of PF
(2.7 X 107% A3 in 5 mM phosphate buffer (pH 6.9) at 23°C:
(1) free. (2) bound to DNA (P/D = 200), (3) bound to

poly d{A=T) (P/D = 202) and (4) bound to poly (dG) -
poly (dC) (P/D = 202). The excitation wavelength was 400
nm.

compared to that of free dye [4—6,11,18,55]. It can
be seen from figs. 3 and 4 that the fluorescence spec-
trum of AO bound to DNA is intermediate between
those of AO bound to poly d(A—T) and poly (dG) -
poly (dC) [55] and that of PF bound to DNA is
identical with that of PF bound t» poly d(A—T). The
results obtained here clearly lead 1o the following
conclusions: Both AT and GC pairs are fluorescent
sites for AQ, and the AT pair is responsible for the
fluorescence of PF, but the GC pair almost completely
quenches the fluorescence.

A continuous decrease of the quantum yield is
observed with decreasing P/D ratio for AQ—poly-
nucleotide systems. It seems likely that this phenom-
enon is a result of the formation of non-fluorescent
dye dimers as well as in the case of DNA—AO com-
plexes [18,52]. The results of PF—poly d(A—T)
complexes show that the quantum yield and the life-
time remain almost constant until conditions of in-
complete dye binding are reached. This is probably
due to a lower tendency of PF to form non-fluores-
cent bound dimers [52].

10°

io
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Fig_ 5. Fluorescence decay curves of AQ (5.0 X 10™° M) bound
to DNA. The solvent was 5 mM phosphate buffer (pH 6.9) at
23°C. Open and solid circles are observed decay curves. Solid
lines are calculated on the assumption that the lifetime is

5.5¢ ns for (1) P/D = 202, 5.5, ns for (2) P/D =20 and 5.3
ns for (3} P/D = 10. + is the time course of exciting light

pulse. The excitation and cmission wavclengths were 430 and
525 nm, respectively.

3.3. Fluorescence decay curves of AQ and PF bound
ro DNA

Finally, we measured the fluorescence decay curves
by the monophoton counting technique to elucidate
the decay kinetics. Some typical decay curves of AO
bound to DNA are shown in fig. 5. After deconvolution
using both the method of moments [38,39} and the
Laplace transform method [40], the emission decay
was found to be a single exponential above P/D = 10.
In general, both methods gave the same lifetimes.

The deconvoluted results are listed in table 3 together
with the mean lifetimes ({7}) obtained by phase fluo-

rometry. The lifetimes obtained by nanosecond pulse
fluorometry are slightly larger than the corresponding
(7> values, but the agreement between both values

is satisfactory.

ln contrast, the decay curves of PF when bound to
DNA showed a marked deviation from exponentiality
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Fig. 6. Fluorescence decay curves of PF (4.8 X 1075 M) bound
10 DNA. The solvent was S mM phosphate buffer (pH 6.9) at
23°C. Open and solid circles are observed decay curves.

Solid lines are attempts to fit to exp(—z/7) for (1) P/D = 214
and to fit to exp[—t/7 — 2¢(t/7)* 2 | for (2) P/D = 51, (3)
P/D =20 and (4) P/D = 11. The best fits were obtained when
+and q are the following: (1) v = 6.4¢9 ns, (2) 7= 6.49 ns and
q=0.07,(3)v=64gnsand g =0.40,(#) 7=6.4g nsand g =
(.75. The excitation and emission wavelengths were 430 and
300 nm, respectively.

with decreasing P/D ratio (fig. 6). First the observed
decay cuives were deconvoluted on the assumption
that the decay law obeys a multiexponential func-
tion like eq. (5). The deconvoluted results showed
that the decay above P/D = 100 is a single exponen-
tial (table 3), while the decay below P/D= 100 is a
sum of two or three exponentials. Far example, the
analyses by the method of moments led to the follow-
ing results:

Kt) =0.68¢7 %612 4 0 32e7 4135
I(r) = 0.46e™ 7531 + 05415

at P/D =51,
at P/D = 20.

The shorter decay time constants (1.15 and 1.3; ns)
are very close to the value (1.35—1.45 ns) for PF
bound to poly (dG) - poly (dC), and the longer decay
constants (5.3, and 6.1, ns) are close to the value at
a high P/D 1atio or the value for PF bound to

poly d(A—T) (table 1).

If DNA has at least two types of sites and a pref-
erential binding of PF to these sites is possible, the
above results might be reasonably understood: PF
first occupies the fluorescent site (AT pair) and then
the quenching site (GC pair). However, the preferen-
tizl binding seems unlikely on the basis of the theoret-
ical and experimental results: the former shows that
most intercalation sites have almost equal binding
affinity [56] and the latter shows that the binding
constants of acriflavine and PF are independent of
the GC content of DNA [9,10,13]. Furthermore. as
judged from the quantum yields of PF when bound
to poly d(A--T) and poly (dG) - poly (dC) {table 1).
the amplitude of the shorter decay component ap-
pears too big in the case of calf thymus DNA (GC
content of 429.).

Very recently, Georghiou has claimed that the
fluorescence decay of PF when bound to DNA is non-
exponential even at a high P/D ratio and the deviation
from exponentiality becomes more pronounced as the
GC content increases [11]. On the contrary, our
analyses of decay curves clearly show that the decay
is a single exponential at a high P/D ratio when bound
to calf thymus DNA (fig. 6; table 3). In agreement with
this, the measurements of fluorescence spectra show
that the emission should be attributed to PF bound to
AT-rich regions of DNA (fig. 4). Even though there
exists any shorter decay component, this would exert
only a minor effect on the decay curves in the present
DNA (GC content of 429). The heterogeneity of the
emission might appear as the GC content increases
further [11,16]. Accordingly, the hypothesis that
PF molecules distribute over various quenching sites
seems inadequate to explain the dependence of the
decay curves on P/D shown in fig. 6. '

3.4. Energv transfer between bound dve molecules

Since the absorption spectrum of PF when bound
to DNA overlaps its fluorescence spectrum (fig. 7).
Farster energy transfer between bound dye molecules
is possible. According to the theory of Forster {22~
25], the critical transfer distance Ry where energy
transfer is 50% efficient is given by:

Ro (in A)=(9.79 X 10>} bpn )8, (12)

where

J= f F(®)e(®)5 ™ db. (15)
o
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Fig. 7. Absorption (A) and fluorescence (F) spectra of
DNA-PF complex at a high P/D value.

Kk =cosfpp — 3cos O@pcos G4, (16)

and where ®p is the quantum yield of the donor
fluorescence in the absence of acceptor, n is the
refractive index of the medium, F(?) is the quantum
fluorescence spectrum of the donor normalized to 1,
€(?) is the molar extinction coefficient of the accep-
tor at the wavenumber 7, Op4 is the angle between
the donor and the acceptor dipoles, 6p and 64 are
the angles between the donor and the acceptor di-
poles, respectively, and the line joining them. With
the intercalation model where a dye molecule is sand-
wiched between adjacent base pairs [57,58], «? takes
a simplified value: since Op =84 =90°, k? = cos?6p4,,
showing that k? is berween O and 1. However, the
dipole orientation factor cannot be directly measured.
In the calculations that follow a value of k* =2 has
been assumed [25]. The value of 1 was estimated

to be 1.4 for RNA [59], but a somewhat higher value
(n = 1.6) would be predicted for DNA {60]. Finally,
R values listed in table 2 are obtained.

Energy transfer between like molecules causes
only a depolarization of the emission and is not res-
poasible for descreases in both the lifetime and the
quantum yield [22—24,61]. To check this point,
the polarization of fluorescence was measured as a
function of P/D. In agreement with previous findings
[4,18], a streng decrease in the polarization with
decreasing P/D ratio is observed in the case of AO
(fig. 8). Weill and Calvin [4] calculated that the polar-
izatior: resulting from energy transfer between inter-
calated dye molecules should be 0.135 by assuming an

Table 2
Critical wansfer distance Rg

DNA—-AO DNA~PF
JX10'5 (ecm®M™1) 38.4 8.43
nd 1.6 1.6
&p 0.75 0.45 D
Ro (A) 37.0 26.4

2) Gbtained from ref. [60].

b) Fluorescence quantum yield of PF intercalated between ad-
jacent AT pairs. It can be obtained by dividing the apparent
quantum yield of PF bound to DNA (0.15) by the mole
fraction of adjacent AT pairs (0.3364) on the assumption
that PF molecules are randomly distributed [5].

equal probability of energy transfer for each transfer dis-
tance. It is interesting that this value is very close to
our observed value at a low P/D ratio. The ex:ct nature
of polarization behavior should depend on the unwind-
ing or winding angle of the DNA helix by the inter-
calation as has been quantitatively treated by Paoletti
and LePecq [62] and Wahl et al. [63] in the case of
ethidium bromide binding to DNA. However, the
results obtained here provide a satisfactory proof of
the occurrence of energy transfer.

Polarization
o
N
T
o]

o
T

o ) 1 1 I i
S 10 20 50 oo 200
P/0

Fig. 8. The degree of polarization of DNA—AO (e) and DNA—
PF (o) complexes as a function of P/D. The solvent was 5 mM
phosphate buffer (pH 6.9) at 23°C. The intensities of fluo-~
rescence were corrected for the contribution of free dye. The
dye concentration was 2.0 X 107° M. The excitation wave-
l=ngths were 470 and 430 nm, respectively, for DNA—-AO

and DNA--PF complexes. The emission wavelengths were 525
and 580 nm, respectively, for DNA—AO and DNA—PF com-
plexes.
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On the other hand, the decrease in the polariza-
tion for DNA—PF complexes is much smaller when
compared to DNA--AQO complexes; the polarization,
in fact, remains almost constant above P/D = 20
(fig. 8). Furthermore, the anisotropy decay at P/D =
20 was almost the same as that at P/D = 200, in con-
trast to DNA—AO complexes which showed a marked
increase of anisotropy decay with decreasing P/D
ratio. Results of PF—poly d(A—T) complexes contrast
with those of PF—DNA complexes. The lifetime and
the quantum yield remain almost constant until con-
ditions of incomplete binding are reached (table 1).
However, the fluorescence polarization decreases
with decreasing P/D ratio, in harmony with the
hypothesis that energy transfer between intercalated
dye molecules occurs.

Now we should recall that DNA has two types of
binding sites for PF; one (AT pair) is the fluorescent
site and the other (GC pair) is the quenching site
[5,6,8—11]. Latt et al. {16,17] found that the life-
time and the fluorescence intensity decrease with
decreasing P/D ratio when quinacrine, which behaves

similarly to PF, is bound to DNA. They concluded that

energy transfer between dye molecules converts dyes
bound near the GC pair into energy sinks. Similar
energy transfer has been postulated to account for
the saturation dependence of the fluorescence intensi-
ty of DNA-—acriflavine complexes [13]. Accordingly,
the polarization results of PF may lead us to the idea
that excitation energy is efficiently transferred from
the dye bound to the fluorescent site to the dye
bound to the quenching site. If this is so, such an
energy transfer is not responsible for the depolariza-
tion, but causes decreases in the lifetime and the
quantum yield.

With the intercalation model [57,38], the movement

of PF is restricted between base pairs during the ex-
cited lifetime. Then the fluorescence decay of PF in
the presence of energy transfer is predicted to have

the form [22—-25]:

I(§) = Ipexpl—t/70 — 2q(t/70) '], (7
q=C/Cq, (18)

where 74 is the lifetime of donor fluorescence in the
absence of energy transfer, C is the molar concentra-
tion of the acceptor and Cy, the critical molar concen-
tration of the acceptor, is given by:

Co = 3000/273 2 VR3, (19)

where NV is Avogadro’s number. If R is the average
distance between intercalated dye molecules, C is as-
sumed to be given by:

C = 3000/47NR>. (20)

If dye molecules are uniformly distributed between
base pairs, R is estimated by:

R((inR)=(; XP/Dy + 1) X34, 21)

where Dy, denotes the concentration of bound dye.
Combination of egs. (18)—(20) leads to:

q=57""*(Ro/R)*. (22

Assuming appropriate values of 7y and ¢ in eq.
(17), several [(¢) functions were tested so that the
numerically computed convolution with the response
function of the pulse may fit the experimental curve.
We usually used the lifetime at a high P/D ratio
(P/D = 200) for 74. The solid lines in fig. 6 show the
calculaied best-fit curves. The fits were fairly good
except for P/D = 11. The deconvoluted decay
functions are listed in table 3 together with the R4
values which were calculated according to eq. (22).
The agreement between the calculated and observed
decay curves at a low P/D ratio (P/D = 11) was not
satisfactory; presumably due to the increased con-
tribution of free dye to the total flnorescence. The
calculated Ry values at P/D = 15—20 are in good
agreement with the theoretical value (26.4 A). This
implies that the dye binding at an intermediate P/D
ratio, on the average, may result in an isotropic dis-
tribution. In this case, the average distance between
two nearest intercalated molecules is about 25—35 A.
On the other hand, the Ry value at a higher P/D
ratio (P/D = 50) is much larger than the theoretical
value. This is probably due to the formation of dye
clusters [64]. The decay curve at P/D = 100 with
denatured DNA was very similar to that at P/D =11
with native DNA. The formation of dye clusters or
the limited renatured regions of denatured DNA
may result in smaller distances between two neigh-
boring intercalated molecules and hence, more effi-
cient energy transfer.

When the fluorescence decay is a function like
eq. (17), the average value of the phase shift is ex-
pressed by a very complicated form [65]. However,
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Table 3
Fluorescence lifetimes and decay functions of AO and PF bound to DNA
Dye P/D Free dye (%) (r}ns) ) 7(ns) Decay function Ro(A)
c) d)
AOQ 202 0.07 5.25 554 5.64 single exponential
(5.0X107% M) 101 0.16 5.25 5.6 5.74 single exponential
20 0.91 5.2 5.5, 5.5, single exponential
10 2.58 5.1 5.3g 5.3, single exponential
PF 214 0.08 6.2 649 6.39 single exponential
(4.8 X 107% M) 101 0.16 6.1 6.25 6.3¢ single exponential
51 0.35 5.7 exp|—1/6.4 —~ 0.14(1/6.4)' 2] 38
20 1.00 4.6 exp[—1/6.4 — 0.80(¢/6.4)1/%] 29
11 2.71 3.6 exp[—1/6.4 — 1.50(¢/6.4)'/2} 21
PF 204 0.04 6.2 6.65 6.59 single exponential
(1.0 X 1075 M) 50 0.18 5.7 exp[—t/6.6 — 0.16(t/6.6)1/2] 40
20 0.51 4.6 exp{—1/6.6 — 0.80(1/6.6)1/2] 29
15 0.74 4.2 exp[—1/6.6 — 1.40(¢/6.6)1721 27

2) Calculated on the basis of equilibrium dialysis [51].
b) Determined from the phase-shift measurements.
€) Analyzed by the method of moments [38,39].

9) Analyzed by the Laplace transform method [40]; the time shift constants (Q values) were between 0.18 and 0.23 [40].

a decrease in the mean lifetimes ({(7)) of DNA—PF
complexes with decreasing P/D ratic (fig. 2; table 3)
is qualitatively explained in terms of an energy trans-
fer mechanism [65]. The increase of the mean life-
times below P/D = 10 (fig. 2) is ascribed to the con-
tribution of free dye.

In conclusion, the results presented here show that
energy transfer is responsible for the decay character-
istics of PF bound to DNA. Bennett {41] and Mataga
e: al. [42] have found that dye—dye energy transfer
in rigid solutions accurately satisfies the Forster decay
kinetics. The DNA—PF complex is an another
example. In AO—DNA, AO—polynucleotide and
PF—poly d(A—T) complexes where there exists only
one type of site, energy transfer causes only a
depolarization of the emission. Energy transfer with-
in the nucleic acids may be h:Ipful for the under-
standing of the internal structure of the nucleic acids
or the biological actions of acridine dyes. Further
studies concerning energy transfer are in progress.
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