UC Irvine
UC Irvine Previously Published Works

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

Permalink
https://escholarship.org/uc/item/3447p2q94
Journal

Biochimica et Biophysica Acta, 993(2-3)

ISSN
0006-3002

Authors

Barcellona, Maria Luisa
Gratton, Enrico

Publication Date
1989-12-01

DOI
10.1016/0304-4165(89)90160-8

Copyright Information

This work is made available under the terms of a Creative Commons
Attribution License, availalbe at
https://creativecommons.org/licenses/by/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/3447p2g4
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

174

BBAGEN 23206

Binchimica et Biophysica Acta, 993 (1989) 174178
Elsevier

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

Maria Luisa Barcellona ! and Enrico Gratton >

! Institute di Chimica Biologica, Universitd di Catania, Catania ({1aiy} and * Laboratory for Fluorescence Dynamics,
Department of Physics, University of Ilinois at Urbana-Champaign, Urbana, 1L (U.S.A.)
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2-phenylindole (DAPI) complexes show that for a hcmogeneous polymer
(polyd(AT) or polyd(A) - polyd(T)) at high P/D (phosphate /dye) ratio, a single exp

describes the fluorescence decay. For the AT polymers at low P/D ratic or for name DNA the decay cannot be

described by a singl i1

ial term. A distrik

the decay data. We propose that the lifetime distrib

of lifetime values of Gaussian shape gives a good fit to

DNA-DAPI complexes provides a useful method of characterizing the mic

Intreduction

DAPI (4',6-diamidino-2-phenylindole) interacts re-
versibly with uatural 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
and 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 aud 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-diamidino-2-phenylindole; POPOP, 14-
bis(2-(5-phenyloxazolyl))benzene.

Correspondence: E. Gratton, LED, Department of Physics, Univer-
sity of Illinois at Urbana-Champaign. 1110 W. Green Street. Urbana,
IL 61801, US.A.

hod for the lysis of the fluorescence decay of
ity of site bindi

constant. A detaited 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 resuilts from the formation of two
hydrogen bonds in the minor groove between the N3
and O2 of adenine and thymine, respectively, and the
donor groups of the dye. Electrostatic 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 ;5-8,25-27].
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 with binding to
AT and GC clusters. Furthermore, since natural polyde-
oxynucleotides should provide a less homogeneous sub-
strate for DAPI than 1o 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 {28-32].
The fluorescence decay has been analyzed using two
models. One assumes the existence of two species, each
characterized by a well-defined liletime value. In the

0304-4165 /89,/$03.50 © 1989 Elsevier Science Publishers B.V. {Biomedical Division)



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 mnatural polydeoxynucleotides where
different binding situations can occur. In this latter
approach, 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 [, Sipma, St. Louis,
MO) was found to contain less than 0.5% protein con-
tamination and was used without further purification.
Col E, plasmid DNA (ccDNA) was from Boehringer
(Indianapolis, IN). Two DNA fractions were separated
by a CsCIl-Eb buoyant density gradient (refractive index
=1.39-1.4), in a vertical rotor at 278000 X g over night
at 20°C and detected by means of ultraviolet light
inspection. The lower band is closed circutar 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 Bochringer. 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,
ccDNA and polyd(AT), 6500; polyd(GC), 8400;
polyd(A) - polyd(T), 6000. A molar absorption coeffi-
cient of 23000 M~'-cm™' at 342 nm was used to
determine the concentration of DAPI solutions. All
samples were dissolved in aqueous buffered solutions
containing 0.01 M NaCl/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 experimenits the final concentra-
tion was obtained by adding increasing amounts of
polymer 1o 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 ailowed ta 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 ISSIADC
interface (ISS, Champaign, 1L) for data acquisition and
analysis. The excitation source was a HeCd laser
(Liconix model 4240N, Sunnyvale, CA) emitting at 325
am, 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 werc 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 1SS,
for an IBM-PC computer. This prograin minimized the
reduced chi-square defined by:

N 2 2
1 o= )’ | (M= My,
= (o g)’ | (o= M)

QN —p) &, o} a

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

¢ =~ tan" 1(§/G)

M, =Vs?+G?

where

S{w,7) =j;m[(1‘)5in(w:)e"/m,

G(w.7) =j:°f('r) cos(wr)ye”

and ¢, and M,, are the measured values of phase and
modulation at the frequency, . The standard deviation
of the phase determination ¢, and of the modulation
determination oy, 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® values obtained for the fit
using different models only as a term of comparison.
The function, f(t), describes the lifetime distribution
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and can have the following different forms:

Uniform: f(r) =1 between C — (W /2) and
C+(W/2), f(1) =0 elsewhere

Lorentzian: f{7) = ——#
r—
1+ [——W/Z

Gaussian: f{7) = eln 2/GHE-0OD

Where C is the center of the distribution, and W the
full width at half-maximum. The errors quoted for the
recovered parameters have been determined using a
rigorous error analysis routine [38]. This estimation of
the error must not be cenfused with the resolvability of
the lifetime distribution, i.e., the minimum value of the
distribution width that can be distinguished from a
single-exponential decay. The resolvability problem has
been extensively studied in the context of phase fiuo-
rometry. Two independent estimations [39,40] provide
the same results with respect to the resolvability of
different distribution shapes. Generally speaking, the
uniform distribution has the lower resolvability, fol-
lowed by the Gaussian and the Lorentzian shape. With
regard to the interpretations of the fits reported in this
work, for an average lifetime of about 4 ns the mini-
mum width that can be resolved is about 0.05, 0.6 and 1
ns of the Lorentzian, Gaussian, and uniform distribu-
tion respectively, based on the results of the resolvabil-
ity studies [39,40]. We will consider the fits with a width
less than the minimum resolvable as an indication that
the distribution recovered can be equally well repre-
sented by an exponential decay.

Results
The emission spectra of DAPI free and bound to

several different polydeoxynucleotides are shown in Fig.
1. The fluorescence enhancement for the a, b and ¢

TABLE I

>
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Fig. 1. Emission spectra of DAPI bound 1o (2) polyd(AT), (b} IDNA,
(¢) ccDNA (spectrum X 10), (d) polyd(GC) (spectrum X 20) and 9e)
free DAPI (spectrum X 20).

spectra is evident. Also spectrum d differs significantly
from spectrum e, indicating that DAPI interacts with
polyd(GC). Table I reports the results of the analysis of
the fluorescence decay of polydeoxynucleotide-DAPI
complexes using a sum of exponentials and using a
continuous distribution of lifetime values of gaussian
shape. For the complexes with fully AT containing
polymers, either homo or alternating sequence, at least
93 to 98% of the decay is associated with one of the two
exponential components {for P/D ratios as low as 7)
and its distributional analysis gives a very narrow disiri-
bution virtually irresolvable from a single expornential
decay. The fluorescence decay for linear and circular
DNAs at large P/D ratio is similarly dominated by a
single exponential, but at P/D ratio of about & the
decay has 2 more equal components. The analysis using
two exponential components and the analysis using two
distributional components gives very similar results with
respect to the pesition of the center of the distribution
which is similar to the value of the two discrete life-
times. The distribution analysis shows a larger value of
the distribution width at low P/D ratios (Fig. 2a),

Fluorescence decay parameters of natural and synthetic polvdeoxynucleotides - DAPI complexes at different P/ D ratios analyzed using two exponential

components and using two distributional components of Gaussian shape.

{DNA, calf thymus DNA; ccDNA, Col El plasmid DNA; (A)-(T}), polyd(A)-polyd(T); (A-T), polyd(A-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 7, C and W
are¢ nanoscconds. f) is the fractional contribution of the component to the total fluorescence intensity.

Complex P/D n T h x* [e w I G, W, x?

IDNA 60 3.50 0.44 0.96 0.99 3.50 1.09 0.97 020 1.65 0.87
{DNA 6 3.0 0.46 0.82 33 288 223 091 0.20 0.05 0.74
ccDNA 54 3.66 0.78 095 0.60 3.65 1.05 0.96 0.64 005 0.59
ccDNA 6 299 0.54 0.82 0.98 294 137 0.86 0.46 0.18 0.75
(A)-(T) 7 398 021 0.98 0.35 399 057 0.98 0.20 0.68 0.34
AT 7 390 0.26 093 1.18 3.89 0.61 0.93 012 094 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
DAPL(pH T) 2.81 019 0.23 151 259 125 0.25 0.19 0.23 112
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Fig. 2. Lifetime distribution analysis using Gaussian components. (a)

1, polyd(A}-polyd(T); 2, IDNA at P/D ratio of 60; 3, IDNA at P/D

ratio of 6. (b) 1, ccDNA at P/D ratio of 54; 2, ccDNA at P/D ratio

of 6. (¢} 1, polyd(G<) 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. 2¢ 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
distribution. 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? is the Gaussian shape. When the
distribution is very narrow, the analysis using different
shapes gives very similar x? values, as should be ex-
pected.

Discussion

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-
stantially 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 shoutd 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 x2 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? 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 H

Fluorescence decay parameters of IDNA=DAPI complex at P/D =6, analyzed using two discrete exponential components and wsing different

distribution shapes

C. center of the Gaussian component or lifetime: . full width at half-maximum of the Gaussian components. Units of € and W are nanoseconds.
f1 is the fractional contribution of the component to the total fluorescence intensity.

Distribution [a W, h [e) W, x?

Discrete 3011000 0.8210.00 0.46 £ 0.00 131
Lorentzian 2.84+002 0.51+0.04 0.85+0.00 0.28+0.02 044£0.02 0.95
Uniform 2943001 3.00+0.06 0.88 +0.00 0.00£0.02 107004 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

the lifetime of the molecular species is comparable to
the fluorescence decay time, the lifetime distribution
can be altered by the dynamics of the system. Given the
relatively strong interaction energy between DNA and
DAPI, it is likely that the lifetime of the molecular
complex is relatively long. In this case only the hetero-
geneity of the binding sites can contribute to the spread
of lifetime components observed in /DNA. The origin
of the Gaussian shape for the lifetime distribution is
likely to reside in the large nuiaber of different binding
sites available for DAPI in the natural polydeoxynuc-
leotides.

In conclusion, fluorescence lifetime determinations
provide a rapid and accurate method to determine the
heterogeneity of environment of the DAPI molecule
when bound to DNA. Based on different lifetime values
of different interacting species, the characteristics of the
binding process has previously been characterized, and
a model which postulates more than one binding form
has been proposed [6,7]. The present fluorescence study
supports the previous conclusions. The analysis using
contizmous lifetime distributions provides a new ap-
proach for the characterization of the microhetero-
geneity of the binding sites.
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