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Fluorescence lifetime distributions 
of DNA-4',6-diamidino-2-phenylindole complex 

Mar ia  Lu isa  Barce l lona  t and  Enr ico  G r a t t o n  ~' 

l lnstituto dl Chimica Bio[ogica. Univerzitd di Catania, Catania (hat  f )  and -' Laborato O' for Fluorescence Dpnamics, 
Department of PtL}'sws, Untversity of llhnols al Urbana .Champaign, Urbana. I L  ( IZ S.A.I 

(Received 24 February 1989) 
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Time-resolved fluorescence of 4',6-diamidino-2-phenylindole (DAPI) complexes show that for a hGmogenenns polymer 
(polyd(AT) or polyd(A)" polyd(T)) at high P / D  (phosphate/dye) ratio, a single exponential component adequately 
describes the fluorescence decay. For the AT polymers at low P / D  ratio or for native DNA, the decay cannot be 
described by a single-exponential term. A continuous distribution of lifetime values of Gaussian shape gives a good fit to 
the decay data. We propose that the lifetime distribution method for the analysis of the fluorescence decay of 
D N A - D A P i  complexes provides a useful method of characterizing the mieroheterogeneity of site binding. 

Introduction 

DAPI (4',6-diamidino-2-phenylindole) interacts re- 
versibly with ,latural and synthetic polydeoxynucleo- 
tides. The binding is accompanied by a large increase in 
fluorescence intensity [1-3]. DAPI is a fluorescent probe 
well known to the biological community, used for the 
selective visualization of the paracentromeric constric- 
tions of human chromosomes 1, 9 and 16 and for a 
Q-banding-like pattern of the short arm of chromosome 
15 and the distal part of the Y chromosome, and for the 
assessment of all chromosomal DNA in flow systems 
[2 22]. DAPI also probes the molecular environment of 
restriction endonuclease cleavage sites [23,24]. Previous 
studies have shown that only complexes with AT, AU 
w d  IC clusters are responsible for the fluorescence 
enhancement [4]. From a number of studies using dif- 
ferent techniques, a mechanism for DNA-DAPI inter- 
action has been proposed. The interaction occurs 
through two different kinds of mechanisms: one, highly 
energetic ( -4 .5  kcal/mol of DAPI), being charac- 
terized by high specificity for A-T a~id A-U bases; the 
second, non-specific, giving rise to an unenhanced fluo- 
rescent complex characterized by a much lower affinity 

Abbreviations: DAPI, 4',6-diarrddine-2-phenylindole; POPOP, 1,4- 
his( 2-(5-phenylnxazolyll)ben~Jcne. 

Correspondence: E. Gratton, LED, Department of Physics, Univer- 
sity of Illinois at Urbana-Champaign, l l l0 W. Green Street. Urbana, 
1L 61801, U.S.A. 

constant. A detailed molecular mechanism for the bind- 
ing process has been postulated and it accounts for 
mos~ of the experimental observations. In this model, 
high-affinity binding results from the formation of two 
hydrogen bonds in the minor groove between the N3 
and 02  of adenine and thymine, respectively, and the 
donor groups of the dye. Electcostafie interactions also 
contribute to the overall binding energy and are re- 
sponsible for the low-affinity binding characteristic of 
the interaction of DAPI with GC clusters 't5-8,25-27]. 
The two modes of binding of DAPI, to AT and GC 
clusters, are clearly distinguishable using fluorescence 
intensity measurements. 

In the work reported in this paper, we have explored 
the possibility of discriminating the various contribu- 
tions to binding of the probe to polydeoxynucleotides of 
different base content and sequence, using the different 
fluorescence-decay behavior associated v~ith binding to 
AT and GC clusters. Furthermore, since natural polyde- 
oxynucleotides should provide a less homogeneous sub- 
strate for DAPI than to synthetic polydeoxynucleotides, 
there arises the possibility of having an appreciable 
degress of heterogeneity of lifetimes, which cannot be 
resolved by fluorescence intensity measurements. We 
report here a study performed on the DNA-DAPI 
complex using frequency-domain fluorometry which has 
been successfully used to investigate the microhetero- 
geneity of other comvlex biological systems 128-32]. 
The fluorescence decay has been analyzed using two 
models. One assumes the existence of two species, each 
characterized by a well-defined lifetime value. In the 
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limiting case, apparently appropriate for the homoge- 
neous synthetic polymers, these two species should be 
identified with DAPI molecules shielded from the 
solvent and DAPI molecules in or exposed to the solvent, 
respectively. The second model assumes the existence of 
a large number of molecular species characterized by 
continuous distributions of lifetime values, and appears 
to be more appropriate for the analysis of the decay of 
DAPI bound to natural polydeoxynucleotides where 
different binding situations can occur. In this latter 
approaeh, the degree of heterogeneity of the system may 
be assessed by the spread of the lifetime distribution. 

Materials and Methods 

Calf thymus DNA (/DNA) (Type I, Sigma, St. Louis, 
MO) was found to contain less than 0.5% protein con- 
tamination and was used without further purification. 
Col E 1 plasmid DNA (ccDNA) was from Boehringer 
(Indianapolis, IN). Two DNA fractions were separated 
by a CsC1-Eb buoyant density gradient (refractive index 
= 1.39 1A), in a vertical rotor at 278000 × g over night 
at 20°C and detected by means of ultraviolet light 
inspection. The lower band is closed circular plasmid 
DNA [33]. It was collected and the ethidium bromide 
was extracted with n-butanol, and the DNA was pre- 
cipitated with 80% ethanol on ice. Polyd(AT), polyd(A) 
• polyd(T) and polyd(GC) were from Boehringer. DAPI 
was purchased from Serva Biochemicals (Heidelberg, 
F.R.G.) and checked for purity by thin-layer chro- 
matography. All organic solvents were of the highest 
purity available and doubly distilled. Millipore filtered 
water was used throughout. Inorganic chemicals were 
reagent grade. Highly polymerized linear DNA was 
sonicated several times at ice-bath temperature to pre- 
vent intermolecular aggregation. The concentration of 
the solutions was determined by using the following 
molar absorption coefficients: calf thymus DNA, 
eeDNA and polyd(AT), 6600; polyd(GC), 8400; 
polyd(A), polyd(T), 6000. A molar absorption coeffi- 
cient of 23000 M -1.cm -1 at 342 nm was used to 
determine the concentration of DAPI solutions. All 
samples were dissolved in aqueous buffered solutions 
containing 0.01 M NaC1/0.1 M Tris (pH = 7.2) (buffer 
A). Denending on the final concentration of DNA, 
different ratios of deoxyribonucleic acid, as moles of 
phosphate (P) to dye (D) were used. For the polyde- 
oxynucleotide/DAPI experiments the final concentra- 
tion was obtained by adding increasing amounts of 
polymer to give the desired P / D  ratio. Constancy of 
DAPI concentration was achieved by adding a polymer 
solution containing DAPI at the same molarity as that 
of the initial polymer free solution. All the measure- 
ments were performed at 24°C. In all experiments each 
sample was allowed to equilibrate at room temperature 
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for at least 5 min before measurement. Steady-state 
spectrofluorimetric experiments were carried out with 
the microprocessor-controlled photon-counting appara- 
tus described by Gratton and Limkeman [34]. Lifetime 
measurements were performed on the multifrequency 
phase and modulation fluorometer described by Grat- 
ton and Limkeman [35], equipped with an ISS1ADC 
interface (ISS, Champaign, IL) for data acquisition and 
analysis. The excitation source was a HeCd laser 
(Liconix model 4240N, Sunnyvale, CA) emitting at 325 
nm. In each experiment a set of 10 to 12 different 
modulation frequencies was employed in the range 10 
to 200 MHz. The emission was observed using a RG370 
band-pass filter (Janos Technology, Townshend, VT). A 
solution of POPOP in ethyl alcohol was used as a 
reference with a lifetime of 1.35 ns. Phase and modula- 
tion data were analyzed using a sum of exponentials by 
a non-linear least-squares routine described elsewhere 
[36,37]. The analysis using continuous lifetime distribu- 
tions was performed using a program provided by ISS, 
for an IBM-PC computer. This program minimized the 
reduced chi-square defined by: 

x = ~ 2 ~  ~ + ~  (2 N #)n=l[ °O °M ] 

using the Simplex algorithm, where N is the number of 
measurement frequencies and # the number of free 
parameters used for the fit. The values of e/, c and M c are 
calculated using the following expression: 

e'~ = tan- I(S/G) 

ML--fS2+C ~ 

where 

S(~o,T)f fo~f(,r)sin(~t)e '/'~, 

G(,~,T) = fob/t*) cos(,~t) e '/'~' 

and 'Pro and ME, are the measured values of phase and 
modulation at the frequency, ~0. The standard deviation 
of the phase determination o, and of the modulation 
determination o M were assumed to be the same at each 
measurement frequency with values of 0.2 degrees and 
0.004 for the phase and modulation standard deviation, 
respectively. For the measurements made in this work, 
these values slightly overestimate the actual standard 
deviations, giving values of the X ~ smaller than 1. 
However, we use the X 2 values obtained for the fit 
using different models only as a term of comparison. 
The function, f(~'), describes the lifetime distribution 
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an d  can have the fol lowing different  forms:  

U n i f o r m :  f ( , r )  = 1 between C -  ( W / 2 )  and  

C + ( W / 2 ) ,  f ( ' r )  = 0 elsewhere 

1 
L . . . .  t z i a n : f ( 7 )  = r 12 

1+ L/(-rW/2- C) I1 
Gau s s i an :  f (~-)  = e l" 2/(4wt~ c~:l 

Where  C is the center  of  the dis t r ibut ion,  an d  W the 
fuU wid th  at ha l f -maxmaum.  The  errors  quo ted  for the 
recovered pa ramete r s  have been de te rmined  us ing  a 
r igorous  error  analysis  rout ine  [38]. T h i s  es t imat ion  of  
the er ror  mus t  no t  be confused with the resolvabi l i ty  of  
the l ifet ime d is t r ibut ion ,  i.e., the m i n i m u m  value  of  the 
d is t r ibu t ion  wid th  that  can be d is t inguished  l r o m  a 
s ingle-exponent ia l  decay. The  resolvabil i ty p r o b l e m  has  
been extensively s tudied  in the context  of  phase  fluo- 
rumetry.  T w o  independen t  es t imat ions  [39,40] p rov ide  
the same resul ts  wi th  respect to the resolvabil i ty of  
different  d i s t r ibu t ion  shapes.  Genera l ly  speaking,  the 
un i fo rm d is t r ibu t ion  has  the lower  resolvabil i ty,  fol- 
lowed by the Gaus s i an  and  the Loren tz ian  shape.  W i t h  
regard  to the in terpre ta t ions  of  the fits repor ted  in this  
work,  for an  average l i fet ime of  abou t  4 ns  the mini-  
m u m  wid th  that  can  be resolved is ab o u t  0.05, 0.6 a n d  1 
ns of  the Lorentzian,  Gauss i an ,  an d  u n i f o r m  dis t r ibu-  
t ion respectively, based  on  the results  of the resolvabil-  
ity studies [39,40]. We will cons ider  the fits wi th  a w i d t h  
less than  the m i n i m u m  resolvable  as an  ind ica t ion  that  
the d is t r ibu t ion  recovered can be equal ly well  repre-  
sented by an  exponent ia l  decay. 

Resul ts  

The  emiss ion spectra of  D A P I  free a n d  b o u n d  to 
several different  polydeoxynucleot ides  are shown in Fig.  
1. The  f luorescence enhancement  for  the a, b and  c 

, J 
56O 46O 560 

WAVELENGTH (rim) 

Fig. 1. Emission spectra of DAPI bound to (a) polyd(AT), (b) IDNA, 
(c) ccDNA (spectrarn× 10), (d) polyd(GC) (spectrum × 20) and 9e) 

tree DAPI (spectrum x 20). 

spectra  is evident.  A l so  spec t rum d differs s ignif icant ly 
f rom spec t rum e, ind ica t ing  that  D A P I  interacts  wi th  
po lyd(GC) .  Tab le  I repor ts  the results  of  the analysis  of  
the f luorescence decay of  p o l y d e o x y n u c l e o t i d e - D A P l  
complexes  us ing  a sum of  exponent ia l s  and us ing  a 
con t inuous  d i s t r ibu t ion  of  l i fet ime values  of  gauss ian  
shape.  F o r  the complexes  wi th  fully A T  conta in ing  
polymers ,  ei ther  h o m o  or  a l te rna t ing  sequence,  at  least  
93 to 98% of the decay is associated wi th  one of  the two 
exponent ia l  c o m p o n e n t s  ( for  P / D  ra t ios  as low as 7) 
an d  its d i s t r ibu t iona l  analysis  gives a very na r row dis tr i -  
b u t i o n  vir tual ly i r resolvable  f rom a single exponent ia l  
decay. T h e  f luorescence decay for l inear  and  c i rcular  
D N A s  at large P / D  ra t io  is s imi lar ly  domina t ed  by  a 
s ingle exponent ia l ,  bu t  at P / D  rat io of  abou t  6 the 
decay has  2 mo re  equa l  componen t s .  T h e  analysis  us ing  
two exponent ia l  c o m p o n e n t s  and  the analysis  us ing two 
d i s t r ibu t iona l  c o m p o n e n t s  gives very s imi la r  results  wi th  
respect to the pos i t ion  of  the center  o f  the d is t r ibu t ion  
which is s imi la r  to the value  of  the two discrete life- 
t imes. T h e  d i s t r ibu t ion  analysis  shows a larger  value  of  
the d i s t r ibu t ion  wid th  at low P / D  ra t ios  (Fig.  2a), 

TABLE I 

fYuorescence decay parameters of natural and synthetic polvdeoxynucleotides - DAPI complexes at dtfferent P /  D ratios analyzed using two exponential 
component~ and tiring two dzstributional components of Gawsian shape, 

/DNA. calf thymus DNA; ccDNA, Col E1 plasmid DNA; (AI.(T), polyd(A).polyd(T); (A.T), polydlA.T); (G.C). polyd(G. C); ~, lifetime of the 
exponential component; C, center of the Gaussian component: W, full width at half-maximum of the Gaussian component. Units of r. C and W 
are nanoseconds, fl is the fractional contribution of the component to the total fluorescence intensity, 

Complex P / D  r I T: f l  X z CI WI f l  Cz Wz X "~ 

IDNA 60 3.50 0.44 0.96 0.99 3.50 1.09 0.97 0,20 1.65 0.87 
IDNA 6 3.01 0.46 0.82 3.31 2.88 2.23 0.91 0.20 0.05 0.74 
ccDNA 54 3.66 0.78 0.95 0.60 3.65 1.05 0.96 0.64 0£)5 0.59 
ccDNA 6 2,99 0.54 0.82 0.98 2.94 1.37 0.86 0.46 0.18 0.75 
(A).IT) 7 3.98 0,21 0,98 0.35 3.99 0.57 0.98 0.20 0.68 0.34 
(A .T) 7 3.90 0.26 0.93 1.18 3.89 0,61 0.93 0.12 0.94 1.04 
(G" C) 67 3.04 0,25 0.37 0,83 3.01 1,68 0.38 0.24 0.05 0.74 
DAPI (pH 7) 2.81 0.19 0.23 1.:51 2.59 1.25 0.25 0.19 0.23 1.12 
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Fig. 2. Lifetime distribution analysis using Gaussian components. (a) 
1, polyd(A).polyd(T); 2, IDNA at PfD ratio of 60; 3, IDNA at P/D 
ratio of 6. (b) I, ccDNA at P/D ratio of 54; 2, ccDNA at P/D ratio 
of 6. (c) 1, polyd(GC) at P/D ratio of 67; 2, DAPI in buffer A at pH 
7. The ordinate scale represents the fractional contribution to the total 

fluorescence intensity. 

indicating a larger heterogeneity of the system at high 
dye concentrations. In the same figure the lifetime 
distribution obtained for the complexes with polyd(A) • 
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polyd(T) is also shown for comparison. Fig. 2b shows 
the distribution obtained for ccDNA-DAPI complex at 
high and low P/D ratios. Fig. 2c shows the distribution 
obtained for the polyd(GC)-DAPI complex at high 
P/D ratio. In the same figure, the distribution obtained 
for DAPI in Tris buffer 0.1 M at pH 7 is shown for 
comparison, For the distributions reported in Fig. 2, the 
distributior, shape used wa~ Gaussian. In Table 11, we 
show a comparison of the analysis of the decay of 
IDNA-DAPI complex at P/D ratio of 6, using differ- 
ent distribution shapes. The shape that consistently 
gives a lower X 2 is the Gaussian shape. When the 
distribution is very narrow, the analysis using different 
shapes gives very similar X 2 values, as should be ex- 
pected. 

D i s c ~ s i o n  

The single-exponential decay characterized by a rela- 
tive longer value of the lifetime (approx. 4 ns) observed 
for the AT containing polymers indicates that under 
conditions of a homogeneous polymer there is essen- 
tially only one molecular species (for P/D ratio sub- 
slantiaily larger than 6), as judged by the lifetime analy- 
sis. Furthermore, the distributional analysis in this case 
recovered a very narrow shape (width 0.5-0.6 ns), pro- 
viding further evidence that for a homogeneous poly- 
mer, where only a single molecular species should be 
present, the distributional analysis coincides with the 
exponential analysis. On the other hand, for the linear 
DNA at low P/D ratio, the distributional analysis 
reveals the heterogeneity of the system. The width of 
the distribution and the X 2 changes are significant 
[39,40] for the long lifetime component. At high P/D 
ratios, at least 96% of the decay is associated with a 
distributional component centered at relatively long 
lifetime values. The X 2 change and width of this com- 
ponent are not significant at high P/D ratios, indicat- 
ing that the heterogeneity is dependent on the degree of 
site saturation. This result is consistent with previous 
work [2,6-8,25,27] that demonstrated that at high P/D 
ratios essentially one kind of binding occurs. Also at 
low P/D ratios, for both linear and circular DNAs, the 
fractional intensity of the longer lifetime component 
decreases, indicating a more heterogeneous environment 
of the DAPI molecule. This result is also consistent with 
previous work [2,6-8] that showed that under these 
conditions, at least two different forms of binding oc- 
cur. 

The distribution of lifetime values originates from 
different kinds of interactions between DAPI and DNA 
which result in a population of different molecular 
species. The possibility exists that the different molecu- 
lar species persist for a time much longer than the decay 
time. In this case the distribution observed reflects the 
degree of heterogeneity of the system. Alternatively. if 
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TABLE 11 

Fluorescence decay parameters of IDNA-D.4PI tomplex at P/D = 6, analyzed ~ing two discrete exponenlial components and ruing different 
distrtbution shapes 

C, center of the Gau~sian component or lifetime; W. full width at half-maximum of the Gaussian components. Units of C and W are nanoseconds. 
f l  is the fractional contribution of the component to the total fluorescence intensity. 

Distribution Ca I#'~ fl  C2 t¥2 X 2 

Discrete 3.01 ± 0.00 0.82 + 0.00 0.46 + 0.00 3.31 
Lore ntzian 2.84 ± 0.02 0.51 + 0.04 0.85 ± 0.00 0.28 ± 0.02 0.44 _+ 0.02 0.95 
U m form 2 94 ± 0,01 3.005:0 06 0.88 ± 0.00 0 O0 + 0.02 ! .07 ± 0 04 0.76 
Gaussian 2.88 + 0.01 2.23 ± 0.03 0.91 +_ 0.00 0.20 _+ 0.01 0.05 ± 0.50 0.74 

t h e  l i f e t i m e  o f  t he  m o l e c u l a r  spec ie s  is c o m p a r a b l e  t o  

t h e  f l u o r e s c e n c e  d e c a y  t i m e ,  t h e  l i f e t i m e  d i s t r i b u t i o n  

c a n  b e  a l t e r e d  b y  t h e  d y n a m i c s  o f  t h e  s y s t e m .  G i v e n  t h e  

r e l a t i ve ly  s t r o n g  i n t e r a c t i o n  e n e r g y  b e t w e e n  D N A  a n d  

D A P I .  it is l ike ly  t h a t  t h e  l i f e t i m e  o f  l h e  m o l e c u l a r  

c o m p l e x  is r e l a t ive ly  l o n g .  I n  t h i s  case  o n l y  t h e  h e t e r o -  

g e n e i t y  o f  t he  b i n d i n g  s i t es  c a n  c o n t r i b u t e  t o  t h e  s p r e a d  

o f  l i f e t i m e  c o m p o n e n t s  o b s e r v e d  in  I D N A .  T h e  o r i g i n  

o f  t h e  G a u s s i a n  s h a p e  fo r  t h e  l i f e t i m e  d i s t r i b u t i o n  is 
l ike ly  1o r e s i d e  i n  t h e  l a r g e  n u , . b e r  o f  d i f f e r e n t  b i n d i n g  

s i tes  a v a i l a b l e  f o r  D A P I  i n  t h e  n a t u r a l  p o l y d e o x y n u c -  

l eo t ides .  

I n  c o n c l u s i o n ,  f l u o r e s c e n c e  l i f e t i m e  d e t e r m i n a t i o n s  

p r o v i d e  a r a p i d  a n d  a c c u r a t e  m e t h o d  to  d e t e r m i n e  t h e  

h e t e r o g e n e i t y  o f  e n v i r o n m e n t  o f  t he  D A P 1  m o l e c u l e  

w h e n  b o u n d  to  D N A .  B a s e d  o n  d i f f e r e n t  l i f e t i m e  v a l u e s  

o f  d i f f e r e n t  i n t e r a c t i n g  spec ies ,  t h e  c h a r a c t e r i s t i c s  o f  t h e  

b i n d i n g  p r o c e s s  h a s  p r e v i o u s l y  b e e n  c h a r a c t e r i z e d ,  a n d  

a m o d e l  w h i c h  p o s t u l a t e s  m o r e  t h a n  o n e  b i n d i n g  f o r m  

h a s  b e e n  p r o p o s e d  [6,7]. T h e  p r e s e n t  f l u o r e s c e n c e  s t u d y  

s u p p o r t s  t h e  p r e v i o u s  c o n c l u s i o n s .  T h e  a n a l y s i ~  u s i n g  

c o n t i a n o u s  l i f e t i m e  d i s t r i b u t i o n s  p r o v i d e s  a n e w  a p -  

p r o a c h  fo r  t h e  c h a r a c t e r i z a t i o n  o f  t h e  m i c r o h e t e r o -  

g e n e i t y  o f  t h e  b i n d i n g  si tes.  
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