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Abstract 

The binding of 4’,6-diamidino-Z-phenylindole (DAPI) to bovine serum albumin (BSA) has been investigated 
between pH 6 and 8, in 0.05 M phosphate buffer at 20” C, by fluorescence titrations and the results analyzed 
according to a procedure previously reported (R. Favilla and A. Mazzini, B&him. Biophys. Acta 788 (1984) 
48). The dye binds to the protein with a blue shift of about 4 tirn in its fluorescence emission maximum, but 
with an enhancement factor of 10 of its fluorescence quantum yield. The dissociation constant decreases from 
100 PM to 54 PLM as the pH is increased from 6 to 8, with a constant number of nearly three equivalent 
binding sites. The complete displacement of DAPI bound to BSA by Ca*+ suggests a possible specificity of 
this substantially electrostatic interaction. The fluorescence decay of DAPI bound to the protein shows a 
double exponential kinetics, with a 7, = 0.97 ns and 72 = 2.78 ns. These results, compared with those obtained 
for DAPl alone, 7, = 0.16 ns and 72 = 2.8 ns, are rationalized in terms of two different rotamers of DAPI. 
Both rotamers are able to bind to the protein, but only one of them undergoes an intramolecular proton 
transfer, from the 6-amidinium group to the indole aromatic ring, in the excited singlet state of DAPI alone. 
When DAPI interacts with BSA this transfer does not occur and consequently a large increase of fluorescence 
is observed. The fluorescence anisotropy decay of DAPI bound to BSA can be analyzed in term of a single 
exponential with a correlation time of 34 ns. Preliminary experiments with other acidic proteins suggest that 
DAPI can be used as an useful probe for negatively charged proteins or domains. 
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1. Introduction 

The fluorescent dye DAPI (4’,6-diamidino-2- 
phenylindole) binds to double stranded deoxyri- 
bonucleic acids with a large enhancement of its 
fluorescence quantum yield [I]. Since its optical 

* To whom correspondence should be addressed. 

emission, absorption and circular dichroism spec- 
tra are modified upon binding, this molecule has 
been extensively used for spectroscopic studies on 
nucleic acids [2-41 and for biochemical cytologi- 
cal analysis E-71. 

Several investigations on polydeoxynucleotides 
of different base sequence [8,9] have indicated 
that DAPI preferably binds to AT clusters, but 
not to single stranded DNA. Although the bind- 
ing mechanism has not been fully elucidated, two 
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kinds of interaction between the dye and DNA 
have been suggested: electrostatic bonds, be- 
tween the polynucleotide backbone phosphate 
groups and the amidine positive groups of the 
dye, and hydrogen bonds, between acceptor 
groups on close AT base pairs in the narrow 
groove (namely O-2 of thymidine and N-3 of 
adenine) and amidine donor groups on DAPI 

ml. 
However, the large use of DAPI in staining 

procedures of chromosomes as well as of whole 
cell raises the problem of its specificity towards 
nucleic acids with respect to other cellular com- 
ponents. 

In prehminary experiments, we observed that 
the fluorescence of DAPI increased upon addi- 
tion of either lipid vesicles or proteins. These 
results, while suggesting a careful use of DAPI in 
cytological studies, have stimulated us to investi- 
gate the interactions of this dye with molecules 
other than nucleic acids more deeply. 

In this first work we report on the interaction 
between DAPI and bovine serum albumin (BSA) 
as assayed through fluorescence titrations and 
measurements of both static and dynamic aniso- 
tropy, whereas the interaction of DAPI with lipid 
vesicles will be dealt with in a next paper. The 
observed effects of salts as well as the depen- 
dence of the dissociation constant on pH indicate 
the essentially electrostatic nature of the interac- 
tion. The interaction of DAPI with BSA has been 
further characterized by time resolved fluores- 
cence decay and anisotropy measurements. From 
experiments with other proteins DAPI turned out 
to be able to bind only to negatively charged 
proteins, thus raising the possibility of using it as 
a probe for acidic proteins and/or negatively 
charged domains on the protein surface. 

2. Materials and methods 

4’,6-Diamidino-2-phenyhndole (DAPI) and 
fatty acid free bovine serum albumin (BSA) were 
purchased from Sigma Chemical Co. and used 
without further purification. Buffer solutions were 
prepared by dissolving Merck salts in water puri- 
fied through a Milli-RO plus Mini-Q system (Mil- 

lipore Corp., USA). Fluorescence titrations were 
carried out at pH 6, 7 and 8 (0.05 M sodium 
phosphate buffer) and 20 ’ C using a Jasco model 
FP 770 spectrophotofluorimeter equipped with a 
thermostatically controlled cell holder. 

Two sets of titration experiments were per- 
formed by monitoring the fluorescence of DAPI, 
according to the progressive dilution method: at 
variable BSA and constant DAPI concentration 
(type I titration; h,, = 380 nm; h,, = 455 nm), 
and viceversa (type II titration; A,, = 400 nm, 
h,, = 455 nm). In this case a longer excitation 
wavelength was chosen in order to minimize in- 
ner filter effects due to DAPI. 

The concentration of DAPI was calculated 
from its UV spectrum using an ejd4 = 23030 M-l 
cm-’ [ll]. For absorbances higher than 0.1, cor- 
rections for inner filter effect were made by means 
of a calibration curve of the fluorescence inten- 
sity vs. [DAPI]. A correction factor higher than 1 
was applied for type II titrations, when the con- 
centration of DAPI exceeded 250 p&f. 

The binding constants k, and the number of 
binding sites n have been evaluated according to 
a previously published paper [12]. 

Static fluorescent anisotropy experiments were 
carried out using two Polaroid polarizers HPN’B 
mounted on excitation and emission beams and 
the fluorescence anisotropy was evaluated ac- 
cording to the following relationship: 

where I is the fluorescence intensity, ‘v’ and ‘h’ 
refer to the vertical and horizontal orientation of 
the excitation and emission polarizers and the 
correction factor G = I,,/I,,, [13,14]. 

Fluorescence lifetimes were measured using a 

single photon counter fluorimeter. The light 
source was a pulsed nitrogen flash lamp (199F 
Edinburg Instruments) pulsed at 20 kHz and the 
stop photomultiplier was a Philips XP2020Q. Fast 
NIM electronics were from ORTEC, Tennelec 
and Silena. 

Fluorescence decays of the dye in the different 
experimental conditions were acquired aherna- 
tively with lamp decays and summed until at least 



10000 counts at the peak ch&~i were collected. 
Data were analyzed by the method of flofi-lidear 
least square analysis according to the global @o- 
cedure of J.R. Knutson et al. 1151 and the good- 
ness of fit was judged from the x2 and from the 
randomness of the residuak. The time ~esoived 
fluorescence anisotropy was measured by moni- 
toring the decay of the parallel (I,> and perpen- 
dicular (&,I components 
according to: 

of the emitted light 

a 

Anisotropy decay, A(l), and total intensity, Z(t), 

decay paratieters were obtaified frdti the fitting 
of the experimental data I,(t) and I,,,(t) accord- 
ing to: 

I,(r) = fI(t)[l + 2A(t)] 

Z&t) = fr(t)[l -A(t)] 

using the gIobal procedure [15]. In particular Z(t) 
and A(t) were each assumed to be a sum of 
exponentials: 

I(t) = Ccfi em’/‘< 

A(t) =A,~P, e-‘/@( 

In the formulas A, is the anisotropy at time zero, 
Qi are the correlation times, ri are the fluores- 
cence lifetimes, IY~ and pi are the pre-exponential 
factors. 

3. Results 

3.1 Titrations 

3.1.1 Type I 
Several fluorescence titrations at variable BSA 

(from 220 FM to 50 PM) and constant DAPI (10 
PM) were carried out. By extrapolation of double 
reciprocal plots (l/AF versus l/[BSA]) at infi- 
nite protein concentration, a A F,,,, was obtained 
and caIled A&!,,, (Fig. la). This vaIue represents 
the increase of fluorescence of 10 PM DAPI 
bound to the highest affinity sites. 

I/[BSA] (mM_ ‘) 
15 0 

t 

0 02 04 06 08 1 

Fig. 1. Binding of DAPI to bofine serum albumin (BSA): 
Type I titration. (a) Double reciprocal plot, and (b) 
Scatchard-like plot. [DAPI] = 10 PM, [BSA] variable from 220 
PM to 50 FM in phosphate buffer 0.05 M pH 7, T= 20 “C. 
The fluorescence intensity was measured at Acm = 45.5 nm 
and A,, = 380 nm; k, = 81 PM and AFAaX = 3.26. (see text 

for definition of IY and AF,,,). 

We have then calculated the fraction of Iigand 
bound as (Y = AF/AF,,, the fluorescence en- 
hancement factor of DAPI,,,,, with respect to 

D API free as Q = Fm,,/FD and the dissociation 
constant k, of the first binding site (81 PM) 
from the slope of the linear plot of a/[BSA],,,, 
versus a (Scatchard-like plot) (Fig. lb and Table 
1). 

3.1.2 Type II 
In this case BSA was kept constant (10 1.~44) 

and the ligand was varied from 75 ,uM to 260 
PM. A new AF,, (AFA’,,) was obtained from the 
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Table 1 3.0 

Values of k,, n and ratio of quantum yields (@I of DAPI 
bound and DAPI free, relative to the binding of DAPI to 
BSA at three different pHs 

Parameter PH 

6 7 8 

@ hound / %C 11.6 10.9 9.8 
k, - 100 PM -95/&M -54/.~M 
n 2.8 2.7 2.7 

double reciprocal plot at infinite DAPI concen- 
tration (Fig. 2a). Accounting for the different 
concentrations of the limiting reagent ([DAPI], in 

30 

2.5 

05 

/ 
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” 

Fig. 2. Binding of DAPI to bovine serum albumin (BSA): 
Type II titration. (a) Double reciprocal plot, and (b) Scatchard 
plot. [DAPII variable from 260 FM to 75 j.~ M, [BSAI = 10 FM 
in phosphate buffer, 0.05 M pH 7, T = 20 ’ C, A,, = 455 nm, 
A,, = 400 nm). kd = 95 @I and AF& = 1.42 (see text for 

definition of v and AF&). 
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Fig. 3. Binding of Ca*’ to BSA-DAPI complex. (a) Decrease 
of fluorescence intensity of DAPI bound to BSA, (b) Double 
reciprocal plot, and (c) Scatchard-like plot. IDAPI] = 10.8 
y M, IBSA] = 250 PM, [CaCl,] variable from 0 to 12.5 m M in 

Tris-HCI buffer 0.05 M pH 7, T = 20’ C, A,, = 455, A,, = 380 
nm, k, = 11.1 mA4 and AF,,, = 2.62 (see text for definition 

of (u). 
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type I and [BSA],, in type II titration) and the 
different absorbance of DAPI at the two differ- 
ent h,, used (Abs,,, in type I and Abs,,, in type 
II titrations) a normalized AF,,!,,, (AFLa) can be 
calculated according to the following relation: 

AF” =AF’ 
[BSAlnAbs,, 

*ax max [DAPI],Abs,,, 

The function of saturation v = AF/AFd&, can 
then be used to draw a Scatchard plot (Fig. 2b): 
the experimental points are we11 fitted by a 
straight line (kd = 95 PM) and extrapolate to a 
number of sites equal to 2.7, suggesting a simple 
binding mechanism of three identical or very sim- 
ilar independent sites. 

The n-value was confirmed by comparing 
AFA:, with AF,,!,:, according to: 

3.1.3. Effect of salts 
Fluorescence intensity measurements were 

performed on solutions of DAPI (10.8 PM) and 
nearly saturating BSA (250 PM) in the presence 
of salts at various concentrations, in order to 
evaluate the electrostatic contribution to the in- 
teraction between the dye and the protein. In 
particuIar, we observed that Ca2+ ions were able 
to markedly reduce the fluorescence intensity, 
suggesting a strong competition between Ca2+ 
ions and DAPI for the binding to the protein. In 
fact, the value of AF,, extrapolated from the 
double reciprocal plot of l/AF,, vs. l/[CaCl,], 
indicates that the fluorescence of DAPI at infi- 
nite salt concentration is equal to that of DAPI,,, 
(F,) (Figs. 3a and b). 

From the slope of the Scatchard-like plot (Fig. 
3c) the dissociation constant of Ca2+ could be 
determined (k, = 11 mM) assuming: 

200 300 

Channel # 

Fig. 4. Fluorescence decay profile of DAPI bound to BSA. The peak centered at about 9 ns (channel # 10% is the instrumental 
response function, the noisy plot is the decay of DAPl (10 @f) bound to BSA (280 /.cM) in phosphate buffer 0.05 M, pH 7, at 
T = 20’ C, A, = 350 nm, Aem = 450 nm, channel width = 0.086 ns, emission band pass 4 nm. The superimposed smooth line 

represents the convoluted fitted function and the mid graph is the plot of weighted residuals, whereas in the upper right corner the 
autocorrelation of the residuals is represented. 
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and 1.0 

[Ca*+l,,, = [Ca*% - “[DAPII,,, = [Ca*% 

Preliminary experiments on BSA with other salts 
(NaCl and CuCI,) also showed competition with 
DAPI, though not absolute (data not shown). 

3.1.4 Decay associated spectra 
A typical fluorescence decay of DAPI com- 

pIexed with BSA is shown in Fig. 4. The deconvo- 
lution from the lamp profile gave a good x2 
value (5 1.8) with a bi-exponential fit (T* = 2.83 
ns and TV = 0.97 ns). The long component had a 
value very similar to that previously observed with 
DAPI alone (Q = 2.78 ns), whereas the short life 
time component had a larger value than that 
found for DAPI in buffer solution (TV = 0.16 ns). 
The decay associated spectra of DAPI alone and 
DAPI bound to BSA (Figs. 5a and 5b) showed 
two distinct emission components, one relative to 
the longer lifetime with a maximum wavelength 
near 390 nm, and the other substantially more 
towards the red, but quite different relative in- 
tensities in the two cases. The normalized pre-ex- 
ponential factors (Y~ and the fractional fluores- 
cences Fi at different wavelengths are shown in 
Tables 2(a) and 2(b) for DAPI bound and DAPI 

0.6 t 

0.4 

0.2 

I 

0.0 1 
420 430 440 450 460 470 

Wavelength (nm) 
free, respectively. 

3.2 Anisotropy measurements 

3.2.1 Static fluorescence anisotropy 
In order to better characterize the binding of 

DAPI to BSA and to verify the motional freedom 
of DAPI bound to BSA, measurements of static 
fluorescence anisotropy were carried out (A,, = 
350 nm and A,, = 450 nm) on DAPI bound to 
BSA (A = 0.283) and compared to those on DAR 
alone (A = 0.107). The large enhancement of A 
observed upon binding of DAPI to BSA was 
similar to that of DAPI bound to DNA (A = 
0.271), but still significantly smaller than that 
measured in viscous soIvents at low temperature, 
e.g. propylene glycol (A = 0.376) [lo], 

3.2.2 Time resolved anisotropy 
Figure 6 shows a typical anisotropy decay of 

DAPI bound to BSA. The anisotropy parameters 

a 

Fig. 5. Decay associated spectra. (a) Time resolved emission 
spectra of 10 PM DAPI alone in 0.05 M phosphate buffer, 
pH 7. (1) spectrum of 0.16 ns component; (2) spectrum of 2.78 
ns component. (b) Time resolved emission spectra of DAPI 
bound to BSA in phosphate buffer pH 7, 0.05 M (IDAPI] = 10 
JLM and [BSAI = 280 PM). (1) spectrum of 0.97 ns compo- 

nent; (2) spectrum of 2.83 ns component. 

Table 2(a) 

Fluorescence decay parameters of DAPI (10 ,uLM) in 0.0~5 M 
phosphate buffer, pH 7. al, F,, CQ and F2 are normalized 
pre-exponential factors and fractional fluorescences relative 
to TV = 0.16 ns and 72 = 2.78 ns, respectively 

A h-d F2 02 4 ff1 

420 0.508 0.057 0.492 0.943 
430 0.524 0.061 0.476 0.939 
440 0.441 0.045 0.559 0.955 
450 0.386 0.036 0.614 0.964 
460 0.281 0.023 0.719 0.977 
470 0.240 0.018 0.760 0.982 
480 0.219 0.016 0.781 0.983 
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Table 2(b) 

Fluorescence decay parameters of DAPI bound to BSA in 
0.05 M phosphate buffer, pH 7 ([BSAI = 280 PM; [DAPIJ = 10 
FM), CX, and F,, a2 and F, are normalized pre-exponential 
factors and fractional fluorescences relative to 7, = 0.97 ns 
and r2 = 2.83 ns, respectively 

A (nm) F, cf2 F, a1 

420 0.659 0.401 0.340 0.599 
430 0.647 0.388 0.352 0.611 
440 0.641 0.381 0.359 0.619 
450 0.653 0.394 0.347 0.606 
460 0.564 0.308 0.436 0.692 
470 0.523 0.274 0.477 0.725 
480 0.584 0.327 0.415 0.673 

where V,, denotes the hydration volume of BSA 

Ccm3); 77 is the viscosity of the solvent (Poise); k 
is Boltzmann’s constant (erg K-l); T the absolute 
temperature (IQ. Although BSA is assumed to be 
a spherical molecule, the volume V, is calculated 
considering a prolate ellipsoid0 of revolu$on with 

major and minor axes of 140 A and 40 A respec- 
tively [16] including an hydration factor of 2.4 

1171. 

4. Discussion 

obtained from data analysis, as reported in Sec- 
tion 2, were A, = 0.301 and @ = 34 2 2 ns. This 
correlation time is in fairly good agreement with 
the correlation time (= 29 ns) obtained for a 
spherical molecule from the Stokes-Einstein 
equation: 

@ = V,q/kT 

To date DAPI has been utilized only as a 
probe for nucleic acids and fluorimetric studies in 
this perspective clearly show that, when bound to 
DNA, it increases its quantum yield of a factor 
near 20 [2,10]. However, our measurements on 
solutions of DAPI in the presence of BSA to- 
gether with preliminary experiments on nega- 
tively charged proteins (namely pepsin, human 
serum albumin, yeast alcohol dehydrogenase and 
hemocyanine, data not shown) revealed a large 
enhancement of fluorescence intensity of the dye 

VI 

0.1 0 5 10 15 20 25 30 35 401 

Time (ns) 

Fig. 6. Anisotropy decay. Reconstructed anisotropy decay from experimental data (noisy curve) and fitted anisotropy (smooth 
curve) from A(t)= 0.301 e-‘/34 convoluted with the lamp function (L), Experimental conditions are the same as for Fig. 4. 
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complexed with these molecules, whereas no 
change of fluorescence intensity was observed 
with two positively charged proteins (lysozyrne 
and ribonuclease, data not shown). 

In this work we have characterized some fluo- 
rescence properties of DAPI-BSA complexes. 
The emission spectrum of DAPI bound to BSA 
showed a little shift of its maximum from 459 nm 
to 455 nm and the quantum yield increased of a 
factor 10 with respect to DAPI alone. Further- 
more, from time resolved fluorescence analysis, 
two decay times were obtained both for DAPI 
alone (TV = 0.16 ns and TV = 2.78 ns) and bound 
to BSA (7, = 0.97 and TV = 2.83 ns). This be- 
haviour is similar to that observed for DNA- 
DAPI complexes, where no change of the emis- 
sion spectrum, a fluorescence enhancement fac- 
tor of 20 and two fluorescence lifetimes (T, = 3.85 
ns and TV = LO ns) were observed [2]. In that 
work, DAPT was proposed to exist in two differ- 
ent conformations: une in which the indole ring is 
planar with the 6-amidine substituent (Rl) and 
the other in which the substituent is rotated out 
of the indole plane (R2). In the planar conformer 
the indole ring becomes very basic in the excited 
single state (Rl”) and a proton transfer from 
amidinium group to the indole ring can occur. 
The new species (RHl*) then decays with a short 
decay time of 0.14 ns and emission maximum 
near 490 nm. The lower basicity of the other 
conformer in the existed state (R2 * > prevents the 
intramo1ecuIar proton transfer, therefore this flu- 
orescent component shows a longer decay time 
i5.86 ns) and a maximum at 440 nm (see Scheme 

Also the shape of decay associated spectra 
does not change substantially for DAPI alone and 
DAPI bound to BSA, moreover the lifetimes for 
the dye bound are quite similar to those obtained 

Scheme I 

for DAPI alone at high pH values, where the 
proton transfer is absent [2]. 

These results suggest that when DAPI binds to 
BSA, electrostatic interactions between the nega- 
tive charges of the protein and the positive 
charges of the two amidinium groups prevent the 
intramolecular proton transfer from the 6- 
amidinium group in the excited singlet state of 
DAPI bound. The observed decay time of about 1 
ns and the large fluorescence quantum yield en- 
hancement can then be attributed to the excited 
singlet state of Rl. The longer lifetime of DAPI 
bound (2.83 ns), quite similar to that observed 
with DAPI aIone (2.78 ns), does not mean that 
the rotamer R2 is not invoIved into the binding, 
because the corresponding normalized pre-ex- 
ponential term increases from 0.02 for DAPI 
alone to 0.3 for DAPI bound. Furthermore this 
behaviour provides evidence for a shift of the 
equilibrium between the 2 rotamers towards R2. 
The higher quantum yield of DAPI and the longer 
lifetime ~~ (3.81 ns) of DAPI complexed to DNA 
with respect to the case of DAPI bound to BSA, 
can be explained assuming that the dye, bound in 
the minor groove of the double helix, is more 
shielded from the solvent than when bound to 
BSA. 

The fluorescent anisotropy decay rneasure- 
ments (A, = 0.301 and correlation time @ = 34 
ns) are in good agreement with the results re- 
ported for BSA in the literature [17]. Although 
the BSA has a shape of prolate ellipsoid and 
hence two correlation times should be expected 
for a fluorescence probe randomly distributed on 
the protein surface [IS], the analysis of the 
anisotropy decay with a bi-exponential fit gave 
two correlation times of 58 ns and 3.88 ns with 
less satisfying statistical parameters. This is prob- 
ably due to the intrinsic difficulty of determining 
a long correlation time (30-40 ns) by means of a 
short lifetime probe (-- 2 ns) 1181. 

The marked increase of fluorescence intensity 
associated with the binding of DAPI to BSA has 
been exploited by performing several titrations in 
a large concentration range. A Scatchard analysis 
of these titrations gave values of k, near 90 pA4 
and n near 3 at pH 7. Because k, decreases from 
100 to 54 PM going from pH 6 to pH 8, the 



interaction between dye and BSA becomes tighter 

as the net negative charge of the macromolecule 
increases. The essentially electrostatic character 
of the interaction is also confirmed by the dis- 
placement of DAPI from BSA observed in the 
presence of calcium ions. The k, value of 11 mA4 
for the dissociation of Ca2+ from BSA, obtained 
from a Scatchard-like plot, is in good agreement 
with that measured with an ion specific electrode 
and relative to three equivalent sites [19]. Under 
our experimental conditions ([BSA] = 250 PM; 
[I&W] = IO.8 JLM), considering that DAPI is 
mainly bound to only one of the three indepen- 
dent sites on BSA, and that the dye is completely 
displaced by calcium ions, it is possible that the 
binding sites for DAPI and calcium are the same. 
The presence of other salts, such as NaCl and 
CuCl,, strongly reduced the binding of DAPI to 
BSA, thus confirming a large electrostatic contri- 
bution to the interaction of DAPI with BSA. 

The fact that DAPI binds to three binding 
sites may be rationalized with the presence of 
three structuraIly similar domains [16]. This result 
may be compared with others obtained with dif- 
ferent ligands e.g. tryptophan and indole deriva- 
tives which bind to only two sites with similar 
dissociation constants [20], whereas the aromatic 
ligand I-anilino-8-naphthalene sulfonate (ANS) 
binds to BSA to six equivalent sites [21]. 

Moreover a comparison of our results with 
those obtained for DAPI-DNA system shows 
that DAPI binds much more tightly to DNA (k,, 
values reported for DNA [1,22] are two to three 
orders of magnitude lower than those for BSA). 

It may be worth mentioning that our prelimi- 
nary experiments indicate DAPI is able to inter- 
act with phospholipid vesicles, thus suggesting 
also natural membranes as possible targets for 
this dye. Considering the multitude of potential 
targets (negatively charged proteins and mem- 
brane systems), we suggest DAPI to be used 
carefully as an in vim probe. 

In conclusion, we have demonstrated that 
DAPI binds to the negatively charged protein 
BSA through a substantially electrostatic mecha- 
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nism. These results lay a fundation for the use of 
DAPI as fluorescent probe of structural and con- 
formational aspects of negatively charged pro- 
teins or domains. 
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