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Abstract 

The interaction of 4’,6-diamidino-2-phenylindole (DAPI) with Carcinus maenas hemocyanin has been investigated by steady 
state fluorescence, dynamic fluorescence and circular dichroism measurements. The dye binds to apohemocyanin (without 
copper) as well as to oxygenated hemocyanin and to deoxygenated hemocyanin with very similar affinities ( kd = 1 FM) and 
number of binding sites (one per subunit). In contrast, the fluorescence quantum yield enhancement of DAPI bound to oxygenated 
hemocyanin is nearly 60% lower than that observed for deoxygenated and apo forms. The decrease of fluorescence of the dye 
bound to deoxygenated hemocyanin is a sigmoidal function of the oxygen partial pressure, specular to that observed by following 
the absorbance of the copper-oxygen charge transfer band at 340 nm. This result provides preliminary evidence that DAPI may 
be used as a functional probe to monitor the cooperative binding of oxygen to the protein. The higher fluorescence quantum 
yield of DAPI bound to either apohemocyanin or deoxygenated protein is characterized by a single fluorescence decay with 
lifetime of about 3 ns, while with the oxygenated protein two components of about 1 ns and 3.0 ns are observed. This result is 
interpreted assuming the existence of two rotamers of DAPI in solution (Szabo et al. Photochem. Photobiol. 44 ( 1986) 143- 
150) both able to interact with oxygenated hemocyanin but only one to deoxygenated and apo forms. We conclude that the 
different fluorescence behaviour of the dye induced by the presence of oxygen bound to the protein is probably due to a structural 
change of hemocyanin in cooperative interaction with oxygen. Furthermore, the interaction is confirmed by the induced negative 
ellipticity of DAPI bound to apohemocyanin and deoxy-hemocyanin and by the increase of fluorescence anisotropy of DAPI 
bound to all forms of protein investigated. 

Keywords: Hemocyanin ; 4’,6-diamidino-2-phenylindole (DAF’I); Fluorescence; Binding 

1. Introduction 

Hemocyanin (Hc) is an oxygen-carrying 
freely dissolved in the hemolymph of several 

Abbreviations: DAPI: 4’,6-diamidino-2-phenylindole; 

protein 
species 

apo-Hc: . 
hemocyanin deprived of copper; oxy-Hc: Hemocyanin saturated wrth 
oxygen; deoxy-Hc: deoxygenated hemocyanin 

* Corresponding author. 

of Mollusca and Arthropoda [ 11. Its quaternary struc- 
ture is very different in the two Phila: molluscan Hc is 
a cylindrical molecule composed by a large number of 
11s subunits; whereas arthropod Hc is either a single 
hexamer ( 16s) arranged as a trigonal antiprism, or an 
oligohexamer (2 X 16s; 4 X 16s; 8 X 16s)) built from 
a subunit (5s) of about 75000 dalton [ 1,2]. In both 
cases the active site contains a couple of copper ions 
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directly linked to the protein. In deoxy-Hc the metal is Some investigations in solution have recently been 
present in the Cu( I) state, while the reaction with oxy- made by using the dye binding method with bromthy- 
gen, with a two electron transfer from copper to oxygen, mol blue (bound to Limulus polyphemus Hc) [ 91 and 
leads to a peroxyde dianion bridge between Cu( II) ions neutral red (bound to Panulirus japonicus Hc) [ 101. 
[ 31. Dioxygen is bound as a p - 77’ : q2 peroxo bridge These indicators are able to monitor the protein struc- 
[4] with concomitant changes in Cu-Cu and N-Cu tural changes occuring during oxygenation, as eviden- 
distances [ 561. tiated by little changes in their absorption spectra. 

X-ray crystallography data on Panulirus interruptus 
deoxy-Hc at pH 4.5, after crystallization at pH 3.8, have 
shown that the metal binding site is located in a hydro- 
phobic pocket of the protein matrix. In deoxy-Hc, the 
metal coordination involves a system of four histidine 
residues almost coplanar with the two Cu( I) ions (Cu,, 
Cu,); the Cu-N and the Cu,-Cu, distances are 0.19 
and 0.36 nm respectively and the N-&-N bond angle 
is = 108”. Each metal ion is coordinated by a further 
imidazole nitrogen oriented axially with respect to the 
ideal plane containing the metal ions and located at a 
larger bond distance ( N 0.27 nm) , the NaxiarCuA hav- 
ing opposite orientation with respect to Naxia,CuB [ 71. 

In this perspective we have examinated the binding 
of the dye 4’,6-diamidino-2-phenylindole (DAPI) 
(Fig. l), a well known probe for double stranded 
nucleic acids [ 1 l-141, to Carcinus maenas Hc, by 
exploiting the large enhancement of fluorescence quan- 
tum yield observed when this molecule interacts with 
the protein. This interaction adds to those previously 
described by us and confirms the dye is able to interact 
with several proteins [ 151, beyond phospholipid ves- 
icles and micelles [ 161. 

Large contact areas between the subunits stabilizing 
the hexamer are tighter and better conserved in evolu- 
tion when they refer to two subunits belonging to two 
different layers of the trigonal antiprism. Moreover, 
three large cavities occur within each subunit and two 
of them are accessible from the solvent: it has been 
proposed that these cavities may facilitate the penetra- 
tion of exogenous molecules, including dioxygen, to 
the active site [ 71. 

Here we report on fluorescence studies of the inter- 
action of DAPI with Hc from the mediterranean crab 
Carcinus maenas in three different states: without cop- 
per (apo-Hc) and with copper both in air (oxy-Hc) 
and nitrogen atmosphere (deoxy-Hc) . Because of the 
favourable stoichiometry of binding and different spec- 
troscopic behaviour when bound to oxy- and deoxy- 
hemocyanin, DAPI appears to be a useful functional 
probe to study the cooperative oxygenation of this pro- 
tein. 

The presence of a solvent tunnel extending from the 
protein surface to the dinuclear copper site completely 
buried in the protein core results also from the X-ray 
cristallography model of Limulus polyphemus deoxy- 
Hc. In this case (subunit II, measurements at pH 6.5- 
7.0) the putative access channel to Cu, and CuB 
appears to be formed by a cluster of charged residues, 
conserved in all arthropod Hc sequences and filled with 
water molecules. Each copper ion has an approximately 
trigonal planar coordination with angles of 99-131” 
(N-C&-N) or 97-142” (N-&,-N), ligand-to-metal 
distances of 0.19-0.22 nm for both metals and CuA- 
Cu, distances of 0.46 nm [ 81. 

2. Materials and methods 

4’,6-diamidino-2-phenylindole (DAPI.2-HCl) was 
purchased from Serva and used without further purifi- 
cation and its concentration was spectrophotometri- 
tally checked using the absorbance at 344 nm 
(%4= 23030 M-l cm-’ [ 151). Hemocyanin was 
extracted from Carcinus maenas and purified by fol- 
lowing a standard procedure [ 171; protein concentra- 
tion was determined spectrophotometrically using 

Although the molecular structure of Hc has been the 
object of several studies and the allosteric behaviour of 
the protein has been analyzed in great detail (for 
reviews, see [ l-31 > , little is known about the structural 
changes associated with cooperative oxygen binding at 
a level above the first coordination sphere of the metal. 

Fig. 1. Chemical structure of 4’,6-diamidino-2-phenyl-indole 
(DAPI). 
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& 27R=93000 M-’ cm-’ [ 181, whereas Apo-Hc was 
prepared by repeated dialysis of the native protein 
against a solution of CN- to remove copper [ 181. 

The procedure used to obtain deoxy-Hc was as fol- 
lows: a solution of oxy-Hc was placed in a tonometer 
(modified Thunberg tube with the lower part sealed to 
a fluorescence cuvette [ 191)) and flushed for = 45 min 
with nitrogen gas previously washed and water satu- 
rated by bubbling through 10 mM phosphate buffer 
solution pH= 7.0, and finally discharged in a water 
trap. The degree of oxygenation was tested by moni- 
toring the intensity of the copper-peroxide charge trans- 
fer band at 340 nm (~=20000 M-‘cm-l) in the 
absorption spectrum of the protein and taking the 
absorbance ratio A 340/A27R = 0.21 for a solution of oxy- 
Hc. 

Mono and bi-sodium phosphate salts were from 
Merck or C. Erba. All solutions were prepared using 
water from a Milli-RO plus Milli-Q purification system 
and the absorbance measurements were done on a Jasco 
7850 spectophotometer. 

2.1. Fluorescence titrations 

All titrations were carried out in 10 mM phosphate 
buffer pH 7.0,2O”C with a Perkin-Elmer LSSO spectro- 
fluorimeter, equipped with a termostatable cell holder. 

Two types of titrations were performed on oxy-Hc, 
deoxy-Hc and apo-Hc 

Type I: at constant dye concentration ( - 1.5 PM) 
and variable protein concentration (from - 1 to - 45 
PM) to determine AF!,_ values, from double recipro- 
cal plots, hence quantum yields of DAPI bound. The 
saturation degree of DAPI bound is defined as: 

1 Ll hound AF (y=~=- 
[ Llm @!,,a, 

and the corresponding Scatchard-like plots (a/P,,, 
versus a) were analyzed to determine kd for the highest 
affinity sites [ 201; 

Type II: at constant protein concentration ( - 1.5 
~.LM) and variable dye concentration (from - 1 to - 30 
~.LM) to determine, from the double reciprocal plots, 
APA,, = nAFL,,. In this case we have obtained the sat- 
uration degree v by using the normalized AFL,, as 
follows: 

[Ll hound AF [ Ll:,, v=-=- 
[ PItot Wmx 1 f’l::t 

where [L] i,, and [P] :A, are the concentrations of ligand 
and protein in the two titrations. Then, from the slopes 
and intercepts of Scatchard plots ( VI&,,, versus v) the 
number of binding sites n and relative affinities were 
extrapolated and the fluorescence of DAPI free, as 
deduced from a calibration curve of fluorescence versus 
concentration of dye, was subtracted from the titration 
data [20]. 

In all experiments the protein concentration used was 
refered to single subunit of 75 kD (5s) and the exci- 
tation wavelength was 380 nm, in order to minimize 
inner filter effects due to absorbances of both dye and 
protein. Nevertheless, the areas of fluorescence emis- 
sion peaks were corrected with the reduced Parker’s 
formula [ 211: 

Fco, = Fobs 
2.303 A 

1 -10-A 

where A was the absorbance of the solution at the exci- 
tation wavelength, F,,, the corrected fluorescence value 

and Fobs the actual reading. Further correction was 
done, when necessary, to account for the observed 
absorbance shift of bound DAPI. 

For titrations of deoxygenated protein both Hc and 
DAPI solutions were fluxed with nitrogen gas and addi- 
dions of either deoxy-Hc (type I titration) or DAPI 
(type II titration) were made with an air-tight syringe. 

2.2. Fluorescence anisotropy 

Static fluorescence anisotropy data were collected at 
450 nm emission wavelength with excitation at 350 
nm, according to: 

where G = &v/&h. All measurement were performed, 
at 20”, with the instrument above described. 

2.3. Dynamic fluorescence 

Time-resolved measurements were made with a sin- 
gle photon counting apparatus equipped with a nitrogen 
flash lamp ( 199F Edimburgh Instruments) pulsed at 
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20 kHz, a stop photomultiplier (Philips XP2020 Q) 
and fast NIM electronics (Ortec, Silena, Tennelec) . 

The time resolution was routinely 53 ps per channel 
and the decays were recorded in a 1024 channel mem- 
ory. The instrumental response function was automat- 
ically collected, in alternation with fluorescence decay, 
by measuring the scattering of a glycogen solution, and 
the automatic sampling of the data was driven by a 
microcomputer. The fluorescence intensity decay data 
were analyzed as a sum of several exponentials using 
a global analysis procedure [ 221. Samples were pre- 
pared with a large excess of hemocyanin ( [ DAPI] = 6 
p,M; [ Hc] = 44 p,M) and measurements were carried 
out in a stoppered termostated cuvette (T= 20°C)) pre- 
liminarly fluxed with nitrogen gas in the case of deoxy- 
Hc, as described before. 

2.4. Circular dichroism 

CD measurements were carried out, at constant tem- 
perature (20°C) with a Jasco dichrograph 5500, at high 
concentrations of both dye and protein ( w 35 p_M 
each), in order to obtain a fairly good saturation (about 
85% of DAPI bound to the protein assuming kd = 1 pM 
and one site per subunit) together with an appropriate 
absorbance of DAPI (OD = 0.8 in 1.0 cm cell at 345 
nm) . The actual reading gives a direct measure of ellip- 
ticity 8 (deg) according to 

8= 2.303(A,-A,) 180 

4n 

where AL and AR are the absorbances of left and right 
circularly polarized light, respectively. This parameter 
(0) allows us to compare our results, since the same 
molar concentration of DAPI was used troughout in 
our CD measurements. 

2.5. Oxygen equilibrium measurements 

The oxygen binding curve of Hc was determined 
according to standard tonometric methods with con- 
comitant determination of the saturation fraction by 
means of different optical signals: in the case of Hc 
alone we have followed the absorbance intensity of the 
340 nm band of oxy-Hc (E= 20000 M-‘cm-‘) or the 
quenching of the tryptophan emission band at 355 nm 
(excitation wavelength 295 nm), resulting from oxy- 
gen binding and previously demonstrated to be linearly 

correlated with the degree of oxygenation [ 231. In the 
case of Hc (1.5 p,M) plus DAPI (5.0 FM) we have 
followed both the absorption at 340 nm of oxy-Hc, as 
above, and the quenching of DAPI emission at 440 nm 
(excitation wavelength 390 nm) . 

The solutions were previously equilibrated in a 
tonometer with a water-saturated Nz atmosphere at 
20°C and, then, titrated with aliquots of water-saturated 
O2 added by means of an air tight syringe. The final 
p( 0,) is calculated as: 

~(0,) =$(760- 17.5), 

where u and V are the volumes (ml) of added O2 and 
tonometer respectively. The gas pressure inside the 
tonometer is kept equal to the atmospheric pressure 
(760 mm Hg) and corrected for the 17.5 mm Hg, the 
water partial pressure at 20°C [24]. No corrections 
have been made for barometric pressure. 

3. Results 

DAPI interacts at pH 7.0 with oxy-, deoxy- and apo- 
Hcs and the large spectral shifts observed, as a conse- 
quence of this interaction, are similar to those observed 
for the case of binding with poly d( G-C) [ 251 and 
other systems [ 141. The interaction with Hc is accom- 
pained by a small red-shift ( 25 nm) and a small 
hypochromicity (10%) in the absorbance spectrum of 
DAPI, whereas a large blue-shift ( = 25 nm for apo-Hc 
and deoxy-Hc, = 20 nm for oxy-Hc) and a very large 
emission enhancement (from 10 to 25 times) are 
observed in the fluorecence spectrum of the dye. Fig. 
2 shows typical absorbance and emission spectra of 
free DAPI and of DAPI bound to apo-Hc. An example 
of fluorescence titration relative to DAPI binding to 
apo-Hc is shown in Fig. 3. 

Upon binding to all protein forms, the static anisot- 
ropy of fluorescence, measured using h,, = 380 nm and 
A,, = 430 nm, increases from 0.1 (DAPI alone) to 0.34 
(DALI bound). 

The integrated fluorescence signals were used to ana- 
lyze the interaction of the dye with apo-Hc, deoxy-Hc 
and oxy-Hc (Figs. 4,5 and 6 respectively) in terms of 
double reciprocal (Fig. 4a, 5a and 6a) and Scatchard- 
like plots (Figs. 4b, 5b and 6b) for type I titrations, 
and of double reciprocal (Figs. 4c, 5c, and 6c) and 
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i 
400 450 500 550 600 

Fig. 2. Absorbance and fluorescence spectra of DAPI free and bound 
to apo-Hc. Upper panel: absorbance spectra; lower panel: normalized 
and corrected fluorescence emission spectra (h,, = 380 nm) of 1.44 
pM DAPI alone (a) and with 34.4 p,M apo-Hc (b), 10 mM phos- 
phate buffer pH 7.0, 20°C. 

Scatchard plots (Figs. 4d, 5d and 6d) for type II titra- 
tions ( see Ref. [ 201 for complete analysis of fluores- 
cence binding data). The values of the dissociation 
constants ( kd), number of binding sites per subunit (n) 
and enhancement of fluorescence quantum yield (Q) 
obtained from these experiments are sumarized in 
Table 1. 

The fluorescence emission spectrum of DAPI in the 
presence of oxygenated protein is about 60% lower and 
shows a maximum 5 nm red-shifted as compared to 
that observed for apo-Hc or deoxy-Hc, while the emis- 
sion spectrum of DAPI alone does not show any inten- 
sity variation after treatment with oxygen or nitrogen 
gas. This fluorescence quenching by oxygen is com- 

pletely reversible: the emission spectrum of the DAPI 
bound to the protein increases under nitrogen atmos- 
phere and decreases again to the original value when 
the protein is again saturated with oxygen (Fig. 7, upper 
panel). In agreement, the fluorescence intensities 
recorded by titrating deoxy-Hc with DAPI are higher 
than those obtained with oxy-Hc (Fig 7, lower panel 
curves b and a respectively). When deoxy-Hc is satu- 
rated again with oxygen, its DAPI titration curve is 
almost superimposable to that of an oxy-Hc sample 
(Fig. 7, lower panel, curve c). In these titrations no 
appreciable differences of affinity or number of binding 
sites are observed. 

Since the oxygenation of hemocyanin induces an 
appreciable quenching of the fluorescence of bound 
DAPI, we have determined the oxygen binding curve 
of deoxy-Hc in experiments carried out at constant 
DAPI concentration and variable partial pressure of 
oxygen. The results are compared with those for Hc in 
the absence of dye: the ps,, (partial pressure in mm Hg 
corresponding to half saturation of the protein) and 

150 

100 

50 

C J 
400 450 500 550 600 

h h-4 
Fig. 3. Fluorescence titration of apo-Hc with DAPI. Uncorrected 
emission fluorescence spectra of 1.4 p,M DAPI alone ( 1) and in the 
presence of increasing concentrations of apo-Hc from 1 to 34 &M 
( 2 + 10). Other conditions as in Fig. 2. 
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Fig. 4. Titration with apo-Hc. (A): Double reciprocal plot and (B): Scatchard-like plot relative to type I titration; [ DAF’I] = 1.44 FM, [ apo- 
Hc] from 1 to 34.2 PM; AF’,., = 13600. (C): Double reciprocal plot and (D): Scatchard plot relative to type II titration; [ apo-Hc] = 1.52 PM, 
[DAF’I] from 0.9 to 21.2 ~.LM; APA,, = 14420. (For definition of a and v see Section 2). Other conditions as in Fig. 2. 

h,,, (maximum slope in the Hill plot), relative to oxy- Hc-DAPI adduct (as monitored by the quenching of 
gen binding to Hc at pH 7.0, are 64.3 mmHg and 2.8 440 nm DAPI emission (Fig. 8) ) . 
in the absence of DAF’I and 65.3 mmHg and 2.6 in the The fluorescence decay of free and bound DAF’I to 
presence of 5 p,M DALI (Hc = 1.5 pM) , respectively. various forms of Hc is characterized by the values of 

At the concentration used, therefore, the binding of lifetime ( r) , normalized pre-exponential factors (a) 
DAPI to Hc (up to a 77% saturation) does not affect and fractional contributions to the fluorescence of each 
the binding of OZ. Furthermore, the quenching of the decay component (F) reported in Table 2. A typical 
emission of bound DAPI is linearly correlated with the fluorescence decay of DAPI bound to oxy-HC is shown 
degree of saturation of the protein, similarly to the in Fig. 9. These parameters, obtained with LX=350 
effect observed on tryptophan emission [23]. As a nm and h,, = 440 nm, are deduced from a global anal- 
consequence, a straight line with slope 1 is obtained by ysis considering several emission wavelengths from 
plotting the oxygen fractional saturation of the protein 400 to 500 nm. 
in absence of DAPI (as monitored at the 340 nm As deduced from x2 values and randomness of resid- 
absorption band) versus the fractional saturation of the uals, the decay curves relative to DAPI complexed with 
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Fig. 5. Titration with deoxy-Hc. (A): Double reciprocal plot and (B): Scatchard-like plot relative to type I titration; [ DAPI] = 1.57 FM, [ deoxy- 
Hc] from 1.54 to 43.2 )LM; AFLaX = 13570. (C): Double reciprocal plot and CD): Scatchard plot relative to type II titration; [deoxy-Hc] = 2.1 
JLM. [ DAPI] from 1.0 to 20.0 FM; AFZ, = 19800. The solution of DAPI and protein were fluxed with nitrogen gas for - 45 minutes before 
starting the measure. (For definition of cy and Y see Section 2. ) Other conditions as in Fig. 2. 

deoxy-Hc and apo-Hc are well fitted by a single expo- 
nential, while two exponential decays are observed for 
the case of DAF’I bound to oxy-Hc. 

The near-UV-CD spectrum of DAPI bound to apo- 
Hc, shown in Fig. 10, shows a profile with a maximum 
of negative ellipticity at about 350 nm (similar results 
are obtained with deoxy-Hc). The CD spectrum of 
DAF’I bound to oxy-Hc is completely overlapped with 
the strong negative band of the protein at 335 nm [ 261, 
but its intensity is slightly higher than that for the pro- 
tein alone (data not shown). 

4. Discussion 

The dye 4’,6-diamidino-2-phenylindole belongs to 
the family of fluorescent probes whose emissive prop- 
erties are markedly affected by the interactions with 
macromolecules or supramolecular aggregates like 
phospholipid vesicles and micelles [ 15,161. In this 
paper we have studied the interaction of DAF’I with Hc 
that, given its oligomeric structure, may exhibit differ- 
ent binding sites for the dye either at the subunit inter- 
faces or within a subunit. Furthermore, the protein can 
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be studied at least in three forms, namely oxy-Hc, 
deoxy-Hc and apo or copper deprived form, thus ena- 
bling one to disclose possible differences in binding 
capacity as a function of the active site state and/or 
conformational changes associated with the binding of 
oxygen itself. The binding of DAPI to either Hc form 
is characterized by the same dissociation constant and 
number of sites per subunit, as well as by a blue-shift 
and intensity enhancement of the emission spectrum, 
an increase of fluorescence polarization, changes of 
pre-exponential factors and lifetime values in the emis- 
sion decay curve and presence of negative ellipticity in 
the absorption band near 345 nm. 

0 L I / I , 
0.0 0.2 0.4 0.6 0.8 1.0 

C 
5 

* 4 
0 

,Y 

x 3 . 

k 

II. 

? 2 

1 

01 ’ ’ 1 I I I 
0.0 0.2 0.4 0.6 0.8 1.0 

Table 1 
Binding parameters kd, n and Q (fluorescence enhancement factor) 
relative to the interaction of DAPI at 20°C with apo-HC, oxy-HC 
and deoxy-HC 

apo-HC 
deoxy-HC 
oxy-HC 

h(vNa nb Q 

1.0 1.0 23 
0.9 1.1 25 
0.9 1.0 10 

a The standard deviations of the dissociation constants, calculated 
from a set of at least three measures for each protein form, were 
lower than 20%. 
b n is referred to the single subunit of 75 kD molecular weigth. 

B 
0.7 /em 
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0.0 
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Fig. 6. Titration with oxy-Hc. (A) : Double reciprocal plot and ( B) : Scatchard-like plot relative to type I titration; [ DAF’I] = 1.44 kM, [ oxy- 
Hc] from 1 to 41.3. FM; A&, = 5000 (C) : Double reciprocal plot and ( D) : Scatchard plot relative to II titration; [ oxy-Hc] = 2.1 ~.LM, [DALI] 
from 1 to 20 PM; APA, = 7700. (For definition of (Y and v see Section 2. Other conditions as in Fig. 2. 
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X (nm) 

15000 - T- 
10000 - 

/ 

DAPI (PM) 

Fig. 7. Oxygen effect on the fluorescence of DAPI bound to hemo- 
cyanin. Upper panel: emission fluorescence spectra of DAPl bound 
to deoxy-Hc and oxy-Hc ( [Hemocyanin] = 2 p,M, [DAPI] = 17 
JLM) (a): oxy-Hc; (b): deoxy-Hc (sample (a) after 45 min of 
nitrogen flux); (c) : oxy-Hc (sample (b) exposed again to air for 45 
min) Lower panel: areas of fluorescence emission spectra of DAPI 
bound, subtracted by areas of fluorescence emission spectra of DAPI 
free at the relative different concentrations. [ Hemocyanin] = 1.5 
(*M. [DAPI] = from 1.5 to 37 FM. Other conditions as in Fig. 2. 

The different fluorescence intensity of DAPI bound 
to different forms of hemocyanin may suggest alter- 
native interpretations: (a) a direct paramagnetic 
quenching due either to oxygen itself or copper, which 
changes its oxidation state from + 1 to + 2 or (b) a 
change of protein conformation occurring when oxy- 
gen binds to hemocyanin. 

Considering that a paramagnetic effect implies a 
close proximity between fluorophor and quencher 

a ’ 

Y (Flu,,, of DAPI) 
Fig. 8. Oxygen saturation (Y) with and without DAPI bound. The 
oxygen saturation Y was calculated from the absorbance at 338 nm 

of Hc in the absence of DAPI (v axis) and comparated to that from 
the emission fluorescence quenching (X axis) of DAPI bound to the 
protein (A,, =390nm,h,,=440nm).[Hc]=1.5~M:[DAPI~=5 

WM. 

[ 271, the first hypothesis would imply the binding sites 
for DAPI and oxygen to be near each other. 

If this were the case the interaction with oxygen 
should be expected to affect the binding strength of the 
dye molecule. Since this is not observed, we attribute 
the different fluorescence quantum yield of DAPI 
bound to oxy-Hc to protein conformational changes. 

Table 2 
Lifetimes (TV. TV), normalized pre-exponential factors (a,, a:), 
fractional contributions of each decay component (F,, FZ) and 
reduced ,$ values relative to DAPI free and bound to apo-HC, oxy- 
HC and deoxy-HC (A,, = 350 nm, A,, = 440 nm, in phosphate buffer 
0.01 M pH 7, T= 20”). The values are obtained from a global analysis 
procedure: the lifetimes remain constant over the wavelength range 
investigated (from 400 to 500 nm) 

DAPI with 72 71 az a1 I:, E, X1 
(IX) (ns) 

apo-HC 3.0 - 1.0 - 1.0 - 1.5 
deoxy-HC 3.0 - 1.0 - 1.0 - 1.6 

oxy-HC 3.1 1.0 0.24 0.76 Cl.49 0.51 1.6 
_ 2.8 0.2 0.04 0.96 0.44 0.56 1.3 
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Fig. 9. Fluorescence decay profile of DAPI bound to oxy-Hc. DAPI: 6.9 p,M, oxy-Hc: 43.0 PM in phosphate buffer 10 mM, pH 7, at T= 20” 
(A,, = 350 nm; A,, - - 440 nm, channel width = 0.053 ns). The peak (a) is the instrumental response function, the noisy plot (b) is the decay of 
DAPI bound to oxy-Hc. The superimposed smooth line represents the convoluted fitted function and the lower graph is the plot of weighted 
residuals, whereas in the upper right corner the autocorrelation of the residual is represented. 

In order to examine whether DAPI could be used to Since the time-resolved fluorescence of DALI in 
monitor partially oxygenated states of hemocyanin, the solution clearly shows two distinct time components, 
fluorescence intensity decrease of the dye as a function according to the model of Szabo et al. [ 281, we assume 
of oxygen partial pressure of oxygen was measured. the existence of two different conformers Rl (with 6- 
The observation that oxygen saturation, function is amidinium group planar with the indole ring) and R2 
coincident with those obtained by following protein (with the substituent twisted out of the indole plane) 
intrinsic probes (such as absorbance of copper-perox- ( Scheme 1) . 
ide charge transfer band and fluorescence &enching of The indole ring of the excited conformer in the planar 
tryptophan) suggests also the use of DAPI as a func- configuration, Rl * , becomes more basic and undergoes 
tional probe of hemocyanin. a rapid proton transfer from the 6-amidinium group, 
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during the lifetime of the excited singlet state 
( T, - 0.2ns). Furthermore, the fluorescence of DAPI 
complexed with either DNA [ 281, bovine serum albu- 
min [ 151, or phospholipid vesicles [ 161 was ration- 
alized, by assuming that the intramolecular proton 
transfer is inhibited upon binding, thus leading to a 
decay of about 1 ns from Rl * . 

This scheme appears to be also valid for the fluores- 
cence behaviour of DAPI bound to Hc. In fact, the 
fluorescence decay of the DAPI- oxy-Hc complex is 
well fitted by two exponential components (lifetimes 
of about 3.0 ns and 1.0 ns), suggesting that both Rl 
and R2 conformers are involved in the interaction, as 
in the case of bovine serum albumin ( r2y 2.8 ns, 
71=l.0ns) [15]. 

However, since only the long lifetime component 
(about 3.0 ns) is observed for DAPI-deoxy-Hc and 
DAPI-apo-Hc, only the twisted out of plane conformer 
R2 can be deduced to interact with these protein forms. 

Thus, our findings suggest that DAPI binds to deoxy- 
Hc and apo-Hc with more stringent structural con- 
straints, the only non-planar R2 rotamer being able to 
interact with them. This interpretation can be further 

kR2- Rl RHIJ' 

Scheme 1. Proposed model for the fluorescent behaviour of DAPI 
alone and in complexes with either dsDNA, proteins or phospholipid 
structures. 

supported by the higher fluorescence quantum yield of 
DAPI-deoxy-Hc and DAPI-apo-Hc complexes, com- 
patible with a selective binding of the long lived R2 
rotamer only, as well as by the analysis of the emission 
spectra of DAPI bound to oxy-Hc and deoxy-Hc which 
show different maximum wavelengths. 

It is likely, therefore, that a protein conformational 
transition, following oxygen binding, induces a higher 
exposure of DAPI binding sites, which can accomodate 
both Rl and R2 rotamers with a concomitant decrease 
of fluorescence intensity of the dye. 

A further confirmation of the binding of DAPI mol- 
ecules to the various forms of Hc arises from circular 
dichroism measurements. In fact DAPI, becomes opti- 

Fig. 10. Circular dichroism spectrum of DAPI bound to apo-Hc. (a) [DAPI] = 37 PM; ( b) [ APO-Hc] = 37 PM: ( C) [ Apo-Hc 1 = 37 JLM plus 
[DAPI] = 37 PM. Other conditions as in Fig. 2. 
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tally active (with a negative ellipticity) only upon 
binding to either Apo-Hc, Deoxy-Hc or oxy-Hc with a 
similar spectrum in all cases. However, the circular 
dichroism seems to be less sensitive than the fluores- 
cence technique on monitoring the selective binding of 
the two dye rotamers to the various forms of protein. 
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