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The photophysical mechanisms which determine the spectral properties and decay rates of 4',6-diamidine-2-phenylindole (DAPI) in
solution and in association with nucleic acids have not yet been fully elucidated. We have performed steady-state and time-resolved
fluorescence experiments on DAPI in a wide pH range to investigate the hypothesis that different ground-state conformations are
responsible for the photophysical properties of the probe. Several excited-state mechanisms are investigated and it is concluded that
among the proposed models, the hypothesis of ground-state heterogeneity with rapid interconversion among conformations is the
only ane consistent with the experiments in the entire pH range investigated.

1. Introduction

The fluorescence of 4’,6-diamidine-2-phenylin-
dole (DAPI), is enhanced by specific interaction
with AT, AU, and IC double helical clusters [1].
DAPI is used in light microscopy to visualize
AT-rich domains of DNA and in molecular bi-
ology investigations to electively modify transcrib-
ing DNA sequences [2-7). The fluorescence decay
of DAPI in different solvents and bound to DNA
has been recently investigated using both time-do-
main and frequency-domain techniques [8-15]. It
has been shown that the emission spectrum at pH
7 can be time-resolved in two bands: a blue-shifted
band with a maximum at 445 nm and a decay
time of approximately 2.8 ns and a red-shifted

! Present address;: Universita di Catania, Instituto di Chimica
Biologica, Facoltd di Medicina e Chirurgia, Viale Andrea
Doria 6, 95125 Catania, Italy.

* To whom correspondence should be addressed.

0301-4622/91/$03.50

band with a maximum at about 480 nm with a
characteristic decay time of approximately (.19 ns.
Due to the prevalence of the red-shifted band at
low pH, it has been suggested that the short
lifetime value arises from an excited-state proton-
transfer mechanism involving the indole NH {15].
However, our previous DAPI fluorescence decay
results suggested that the lifetime heterogeneity
can also originate from ground-state molecular
conformers arising either from a rotamer at C, of
the indole ring or at the C, [16]. The dependence
of the shape and maximum emission spectrum on
the excitation wavelength at neutral pH is evi-
dence of the coexistence of at least two ground-
state molecular species [15]. Differential ground-
state solvation of the conformers can be pH de-
pendent. pH changes can also directly modify the
degree of protonation of the indole and can in-
fluence the degree of efficiency of the proton-
transfer process. Therefore, the putative proton-
transfer process can be dependent on the con-
former, the differential hydration, and the degree

© 1991 - Elsevier Science Publishers B.V.
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of protonation. The purpose of the present work is
to further investigate the various mechanisms that
can affect the lifetime of the excited state. In
particular, the proton transfer hypothesis will be
tested. The possibility of fast interconversion be-
tween the various solvation states will be evaluated
at different pH values. Furthermore, since the
processes which can affect the decay rate can be
influenced by the different conformers of the
DAPI molecule and the possible ground-state con-
formers for the molecule can be a large number,
the rates can also be distributed. The conventional
analytical approach previously used to resolve the
DAPI decay process in terms of exponential com-
ponents (decay rates, and of pre-exponential fac-
tors associated with two populations of well de-
fined conformation) is revisited. A different analy-
sis of the DAPI decay, based on continuous distri-
bution of lifetime values, is tested. A similar dis-
tributional approach has been used to analyze the
decay of tryptophan residues in proteins [17] and
it is more adequate to investigate the multitude of
rate constants that can be present in a molecule
such as DAPI in buffer when many different
conformers can affect the decay.

2. Materials and methods

4’ 6-diamidine-2-phenylindole dihydrochloride
was obtained from Boehringer Mannheim and
checked for purity by thin layer chromatography
(solvent mixture: 60% water, 20% acetic acid, 20%
n-butanol). Sodium chloride, sodium hydroxide,
TRIZMA (tris [hydroxymethyl] aminomethane
hydrochloride), and TRIZMA BASE (tris [hy-
droxymethyl] amino methane) were from Sigma
Chemical Company, St. Louis, MO. All other re-
agents were of the highest purity available. All
solutions were prepared using double glass-dis-
tilled deionized water (Barnstead Nanopure II),
and bubbled with nitrogen for several minutes
before the measurements. The temperature of the
sample was thermostated at 20°C using a circulat-
ing hot water bath. Fluorescence measurements
were carried out at the Laboratory for Fluores-
cence Dynamics at the University of Illinois at
Urbana-Champaign, IL, using a multifrequency

phase and modulation fluorometer similar to that
described by Gratton and Limkeman [18]. The
excitation source was a continuous wave helium-
cadmium laser, emitting at 325 nm. The laser
intensity was modulated either using a Pockels cell
modulator or an acousto-optic modulator. The
frequency range was from 4 MHz to 200 MHz.
Data were collected with a standard deviation of
the phase and modulation, below 0.2° and 0.004°,
respectively. Data were analyzed using the Globals
Unlimited software package. The value of the
reduced x° was used as a comparison for the
various models.

3. Results

3.1 Empirical analysis using discrete and distributed
lifetime components

Fluorescence lifetime measurements of DAPI
in tris buffer solution were performed at various
pH values from 1.0 to 12.4. Both a nonlinear
least-squares analysis using a sum of exponential
components and an algorithm for the analysis of
the decay using continuous lifetime distributions
were used [14,19,20]. The Lorentzian shape always
gave better fits than the uniform and the Gaussian
distributions. The two analysis methods are com-
pared using the value of the reduced x*. The
parameters of the fit for the double exponential
analysis and the Lorentzian continuous distribu-
tion analysis are reported in Table 1. At least two
exponential components were necessary to de-
scribe the decay from pH 1.0 to pH 12.4, and the
superposition of one Lorentzian distribution and
one exponential were used for the distributional
analysis. In the low pH range (< 8), the values of
the exponential components and relative fractions
were almost identical to those obtained using the
continuous lifetime distribution approach and the
width of the distribution was very narrow (~ 0.1
ns), indicating that, in this pH range, a distribu-
tion approach is unnecessary. However, by in-
creasing the pH value in the range above 8.2, the
lifetime distribution analysis gives a lower x* val-
ues. The distribution still remained bimodal but
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the shorter lifetime component was broad. At pH
9.0, the fluorescence fractional intensities were
approximately of equal amplitude. By increasing
the pH to 9.6, the distributional pattern changed
significantly. The fractional fluorescence intensi-
ties were inverted with respect to the behavior at
nentral pH, the long decay component giving the
larger contribution. In the pH range from 10.0 to
11.5, the decay behavior is again biexponential,
but the lifetime, as well as the center values of the
distribution, were different with respect to lower
pH. The more relevant features of the distribu-
tional pattern in this pH range are the following:
the long lifetime component shifts to lower values,
and the short one also shifts to lower value. There
is a marked decrease of the width of the short
lifetime component at lower pH values.

The results reported in Table 1 demonstrate
that the fits are relatively good over the entire pH
range. The analysis on the same set of data using
distributions of lifetime values gives a marginal
improvement of the x? value, except in the pH
region between 9.0 and 11.0. Close inspection of
Table 1 reveals also that there is a large variation
of the parameters of the fit only in the region
between pH 9.0 and 12.4. In particular the value

of the long lifetime component (7, ) is essentially
constant, about 2.65 ns, up to pH 9.6 and then
decreases at higher pH values. The value of the
short lifetime component (7g) varies gradually up
to pH 9.6. As the pH increases above pH 9.6,
there is a rapid increase in the lifetime value and
then a decrease above pH 11.0. The fractional
intensity of the short component gradually de-
creases up to pH 9.6 where there is a sudden
variation (rise) and then continues to decrease at
higher pH values.

4. Discussion

Three different hypotheses are discussed to ex-
plain the origin of the two observed lifetime val-
ues, viz. (1) excited-state proton transfer, (2)
ground-state heterogeneity without and (3) with
interconversion. Also the behaviour at pH > 12
will be briefly discussed.

4.1 Excited-state proton transfer mechanism

This process should correspond to the scheme
shown in Fig. 1a. In this scheme, the decay associ-

Table 1
pH Double exponential Lorentzian and exponential
SASg 75 (n8) . (08} x> SASs Cs Wy 7 (1) x*

1 0.86 015 2.61 1.27 0.90 0.12 0.15 2.92 111
2 0.80 0.18 2.56 1.88 0.81 0.18 0.05 261 1.53
3 0.72 0.19 2.67 Q.75 Q.75 0.11 014 275 0.43
4 0.71 0.22 268 0.53 0.73 0.21 0.05 2mn 0.45
5.5 0.7 0.22 2.66 1.51 0.72 021 0.05 2.69 1.62
6.5 0.70 0.23 243 294 0.72 0.22 0.12 2.46 2.53
7.5 0.75 0.24 275 4.09 0.77 0.24 0.10 2.83 2.63
82 0.73 017 2.65 0.58 0.74 0.16 0.05 269 0.45
9.05 0.61 0.19 278 1.376 0.64 0.15 0.18 2.80 0.76
9.6 0.23 0.18 2.63 0.78 Q.25 0.10 0.26 264 0.62

10.0 0.46 0.33 236 3.404 0.52 0.33 0.34 2.38 0.29

11.0 0.43 077 249 4.555 0.37 0.78 0.77 2.00 232

11.5 0.15 0.14 1.44 13.766 0.17 0.05 0.26 1.43 2.83

124 0.42 0.43 1.04 4171 Q.19 0.01 0.58 0.83 1.50

SAS; = Species Associated Spectral contour to the short decay component; 7= lifetime of the short decay component in
nanoseconds; 7, = lifetime of the long decay component in nanoseconds; Cg = center of the short decay component distribution,
W, = width, as FWHM, of the short decay component distribution; and x? = the reduced x°
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Fig. 1{a). Proton transfer mechanism. Requirement: 7, 7 and
SAS1 are constant, k,, dependent on proton concentration
(bound dependent or ground-state equilibrium) Result: To
keep 7 and 7, constant, a rate k,; must be added. The
analysis shows that k,; is not a simple function of [H"*]. Fig.
1(b). Ground-state heterogeneity (pH dependent} with no in-
terconversion. Requirement: g and 7 are constant, and SAS1
reflects the protonation-deprotonation equilibrium. Result:
this fit gives very poor x°.

ated with the short lifetime component should
represent the molecular form in which proton
transfers occur, given the prevalence of the short
lifetime component at low pH. It is well known
that, for the scheme presented in Figure 1a, the
decay time associated with the shorter lifetime
value (75) must be higher than the highest short
lifetime component obtained using a double ex-
ponential decay (Table 1). The same line of rea-
soning applies to the value of the long lifetime
component (7). From Table 1, for the scheme of
Fig. 1(a) to be valid, both lifetime components, 7g
and 7, must satisfy the following relationship:
75> 0.77 ns and 7 > 2.78 ns. However, since the
lifetime of the long component recovered using
the double exponential analysis is essentially con-
stant from pH 1.0 to pH 9.0, this implies that the
hypothetical proton transfer is independent of the
external proton concentration. Then only an in-
tramolecular proton transfer process can be re-
sponsible for this effect, but this hypothesis will
also be disregarded. Furthermore, 7, decreases at

higher pH, a result which is incompatible with the
idea that proton transfer is the only mechanism
responsible for the lifetime effects. Without suc-
cess, we have also attempted to measure the rise
time of the short component in the red part of the
spectrum which should result from the excited
state reaction, given the widely different spectra of
the two lifetime components. This latter observa-
tion should also rule out the possibility of in-
tramolecular proton transfer.

4.2 Ground-state heterogeneity without interconver-
sion

This process corresponds to the scheme de-
picted in Fig. 1(b). Clearly, this scheme should
again give two exponential decays. The ground-
state conformers cannot be due to different proto-
nated forms of the DAPI molecule, since two
lifetime components coexist from pH 1.0 to pH
12.0. Instead, the ground-state heterogeneity must
be related to different conformers whose ground-
state equilibrium is marginally affected by pH,
except perhaps in the region from pH 9.0 to pH
11.0. The results of the data analysis using this
model is reported in Table 1. An attempt to per-
form a global fit maintaining the two lifetime
components constant and allowing the fractional
contributions to vary gives very large reduced x*.
The relative population of the conformers should
be proportional to the value of SAS1 (Species
Associated Spectral contour) as reported in Table
1. In order to explain the changes of the value of
75, T., and SAS] as a function of pH (Table 1), we
must assume that the efficiency of the quenching
mechanisms, which generates the short lifetime
component is very weakly pH-dependent from 1.0
to 9.0. However, in this region, the relative popu-
lation of the long-lived conformer increases as the
pH is increased. From pH 9.0 to 11.0, the quench-
ing process, which gives rise to the short lifetime
component, becomes much less efficient. Above
pH 9.0, however, there is a quenching of the
long-lived species instead of the short-lived com-
ponent. This series of ad Aoc hypotheses, although
not impossible, renders this second mechanism
unsatisfactory.
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Fig. 2. Ground-state heterogeneity with fast interconversion
between two forms. The ground-state equilibrium is the same
as the excited-state equilibrium. There is also a protonation
equilibrium. Requirement: 75 and 7, are constant, while the
ground state equilibrium depends on k,/k,,. B, and B,
denote the initial fraction population of state 1 and 2, respec -
tively.

4.3 Ground-state heterogeneity with interconversion

In this section, we explore the possibility of
interconversion between conformers during the
lifetime of the excited-state. The corresponding
decay scheme is shown in Fig. 2. Since we have
not observed a rise time of the short (or long)
component, we must assume that, if there is inter-
conversion, the excited-state equilibrium is the

same as that of the ground-state and is not af-
fected by the excitation. If the two characteristic
decay times have a unique value, independent of
pH, as shown from the data reported in Table 1,
following the same argument given for the
excited-state proton-transfer mechanism, we must
assume that the two components have characteris-
tic decay times of 7,>0.78 ns and 7 > 2.78 ns,
respectively. Of course, in this case the variation
of the observed decay times (which, at pH 9.0, are
0.78 and 2.60, respectively) must be attributed to a
change in the interconversion rate between con-
formers, rather than to a change of the efficiency
of the quenching process. Also, the ratio of the
interconversion rates must be rtelated to the
ground-state conformer equilibrium, i.e., to the
relative excitation of the short and long compo-
nent. However, this hypothesis cannot be rigor-
ously tested since the spectral changes, both in
absorption (and in emission), are related to the
protonation of the indole rather than to direct
changes in the relative population of the con-
formers.

Under the ground-state fast interconversion hy-
pothesis (Table 2), we obtain a relatively fast
interconversion from the short to the long compo-
nent of about 3 to 5x10° s~! from pH 1.0 to
about pH 8.0. At pH 10.0, this rate decreases and
the apparent lifetime of the short component in-

Table 2

pH SAS 75 (ns) . (ns) B, B, Ky K2 X
1 0.879 0.8 40 0.5 0.07 4.56 0.07 1.09
2 0.879 0.8 40 05 0.08 361 0.08 0.55
3 0.879 0.8 4.0 0.5 0.33 5.02 0.84 0.68
4 0.879 0.8 4.0 0.5 0.39 295 0.54 0.44
5.5 0.879 0.8 4.0 0.5 0.39 292 0.55 1.46
6.5 0.879 0.8 4.0 0.5 0.295 262 0.66 2.55
7.5 0.879 0.8 4.0 0.5 0.36 250 0.41 263
8.2 0.879 0.8 4.0 0.5 0.31 4.04 071 0.55
9.05 0.879 0.8 4.0 0.5 0.80 3.51 0.54 0.84
9.6 0.879 0.8 40 0.5 212 373 0.69 0.64

10.0 0.879 0.8 40 0.5 0.91 143 0.46 0.95

11.0 0.879 0.8 40 0.5 1.34 0.04 0.16 442

11.5 0.879 0.8 4.0 0.5 0.44 3.23 3.03 2.63

12.4 0.879 0.8 4.0 0.5 0.002 0.29 1.44 2.06

SAS; = Species Associated Spectral contour to the short decay component. 7g=lifetime of the short decay component in
nanoseconds; 7, = lifetime of the long decay component in nanoseconds; B, = initial fraction population of state 1; B, = initial
fraction population of state 2; x” = the reduced x> The first four parameters are linked during the analysis procedure.
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creases. At pH 11.0 and higher, the rate of inter-
conversion from the long-lived state to the shorter
state increases substantially, reaching a value of
about 10° s 1 at higher pH. The good fit shown
in Table 2 (the values of the x* for each file must
be identical to the values reported in Table 1 for
the two-exponential analysis) does not necessarily
prove this model because the number of parame-
ters have increased, the two fits are equivalent and
the two models are not uniquely identifiable [21].

The hypothesis of fast interconversion should
be supported by other measurements, for example,
by temperature studies and by a global analysis of
the values of the rate of interconversion. It is
known that for tryptophan, the interconversion
between rotamers is relatively slow {22-24], com-
pared to the lifetime of the excited-state. The
absolute values of the rates of interconversion
obtained for this model contains an arbitrary scal-
ing constant. In fact, the variation (as a function
of pH) of the decay rates of the two ground-state
species as obtained by the double exponential
analysis 1s entirely attributed to interconversion
between the two species rather than to other
molecular mechanisms.

4.4 Region of high pH( > 12)

Although the effects in this pH region are irre-
versible, the structural modifications of the DAPI
molecule do not involve the indole moiety but
other parts of the molecule as demonstrated by
BC NMR (data not shown). Therefore, the basic
proposal for the decay mechanisms is not changed
(since the chromophore is unchanged) but the
pathways for quenching are varied. As a conse-
quence of the chemical modifications, the ground
state hydration equilibrium is different and this is
reflected in the change at extreme pH of the
fractional population (B,) shown in Table 2. The
chemically modified molecule maintain the single
exponential decay upon return to pH 7 and also it
retains the characteristic blue-shifted spectrum.
This experiment provides further conformation of
the two-state model since when the ground state
population is affected by chemical modification,
only one exponential term appears in the decay.
Therefore, the effect of the polar expansions of

DAPI in determining the decay modality is defini-
tively shown.

Conclusions

The decay of DAPI as a function of pH can be
interpreted on the basis of two (or more) ground-
state conformers. The relative population of the
two conformers is a slow function of pH from pH
1.0 to pH 9.0. It is likely that in one of the two
conformers, the lifetime quenching mechanism can
indeed involve the proton at the NH position of
the indole ring. In fact, an intramolecular proton
transfer mechanism can be responsible for the
short lifetime species. However, given the stereo-
chemistry of the molecule, the intramolecular pro-
ton transfer cannot be direct, but must involve a
shell of hydration, perhaps forming a water bridge
with the NH, of the diamidine part of the mole-
cule. Above pH 9.0, the indole NH group is de-
protonated and the quenching mechanisms essen-
tially disappear, pointing again to the importance
of the indole NH relative to the quenching proc-
ess. Above pH 9.0, a different mechanism starts to
operate which involves the quenching of the long
lifetime component. A similar effect has been ob-
served for N-acetyl tryptophanamide and tryp-
tophan in this pH range [25]. Due to the protona-
tion equilibrium in the pH region (9.0 to 11.0),
several different ground-state species with differ-
ent hydration shells can be present. Consequently,
more configurations are possible which cause
quenching. This effect appears in the fluorescence
decay as a distribution of lifetime values in this
pH range. Within the present instrument capabili-
ties, it is impossible Lo distinguish between a large
number of discrete lifetime components in a given
lifetime range or a continuous lifetime distribu-
tion. The analysis using the latter approach is
easier and uses less variable parameters. The fact
that this form of analysis gives a better representa-
tion of the decay simply means that, in that pH
range, there are more than two ground-state con-
formers.

One of the major motivations for this work was
to obtain a better understanding of the spectro-
scopic properties of DAPI when it was interacting
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with DNA. From the results reported here, it
appears that the hydration shell around the DAPI
molecule plays a major role in determining the
fluorescence properties of DAPI. When DAPI is
in the minor groove of the DNA molecule, the
fluorescence lifetime is relatively long and close to
4 ns. However, it appears that DAPI can also
interact with the phosphate group of DNA. In this
case, there is no fluorescence enhancement and
the lifetime is quite short. We believe that this
behavior is due to the larger hydration of the
DAPI molecule in this condition.

Our results show that a simple model can ex-
plain the complexity of the fluorescence decay of
DAPI over a broad pH range. In particular the
diamidine moiety is essential in determining the
decay behavior. The knowledge of the decay
mechanism is also required to analyze fluores-
cence depolarization data which can provide di-
rect mmformation on the nucleic acid dynamics at a
molecular level. These studies are now in progress
in our laboratory,
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