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The fluorescence quantum yield and the fluorescence decay of indole, 3-methylindole, I-rnethylindole and Nacetyl- 
tryptophanamide have been measured in different waterslioxane mixtures. For the firrt three derivatives. the fluorescence 
decays were found independent of the emission wavelength and were analyzed as jingle exponential functions_ In the case 
of N-methylindole the rate of the non radiative deactivation processes knr increased linearly with the molar fraction of 
dioxane whereas for indole and scatole the variation of knr was biphasic. This behaviour can be explained by two excited 
state deactivations of these non N-methylated compounds in water and hi water content mixtures; one of these deactiva- 
tion processes occur&g through an hydrogen bond between the N-H group and a water molecule. The rate of non radiative 
deactivation of iVacetyltryptophanamide was dominated by the internal quenching involving the intramolecular carbonyl. 
The raie of the radiative deactivation process kF of these four compounds increased linearly with the wavenumber of the 
fiuc:escence spectrum maximum. Data relative to the three non N-methyiated derivatives fell practically on the same 
straight lire. Data from other works have been gathered in order to check if a similar relation between the intrinsic kF and 
+ values can exist for the tryptophyl fluorescenoz emission of proteins 

1. Introduction 

It is well known that tryptophan dominates the 
fluorescence of class B proteins. The wavenumber 
(&) of the fluorescence spectrum maximum arising 
from tryptophan residues varies from protein to 
protein [I]. This can be explained by the fact that 
a tryptophan residue fluorescence depends on the 
local environment of that residue in the protein. 
Therefore, a protein molecule containing several 
tryptophan residues is expected to have a composite 
spectrum 123. A direct evidence for such an hetero- 
geneity came from luminescence measurements at 
low temperature [2,3] and room temperature fluores- 
cence excitation spectra taken at different 
emission wavelengths [4,5]. Other evidences have 
been obtained by observation of shifts of emission 
spectra induced by external perturbants [6,7,8] _ More 
recently, protein spectra heterogeneity has been 
detected by fluorescence decay measurements [9,10]. 
By analysing the fluorescence decay at several ernis- 
sion wavelengths it has been possible t3 reconstitute 

the spectrum of the two individual tryptophan resi- 
dues of the lac repressor protein of E. coli [I 0] - 
Quantum yield heterogeneity of individual trypto- 
phan residues is also shown up by decay measure- 
ments_ For example, it should be possible to de- 
termine the fraction of trylitophans which is non 
fluorescent in a protein [ 11,12]_ But, for a more 
complete interpretation of these measurements, the 
knowledge of the rate of radiative deactivation k, 
isneeded [11,12]. 

It has been shown that, for indole and indole 
derivatives solutions, k, depends on the solvent 
properties [13,14]. It is then expected that kF will 
depend on the environmen: of each protein tryptophan 
residue_ This is confirmed by some observations. For 
example when the krc repressor protein of E. COM 
binds the inducer isopropyl_PD-thiogaktoside 
(IPTG), the protein average decay tiqe decreases 
whereas its quantum yield remains ccnstant [ 10,15]_ 
In the same way, the quantum yield and average life- 
time ratios of the wheat germ agglutinin (WGAj are 
not equal in presence and in absence of tri-N-acetyl- 



chitotriose [ 113. 
The present work was undertaken in the hope of 

finding a relation between the value of+ and the 
wavelength maximum of tryptophan emission spectra 
in proteins_ In many cases, the emission heterogeneity 
complicates the direct determination of kF in proteins. 
So, we decided to study several model compounds in 
solvents of different polarities. The compounds chosen 
were indole, scatole, iV-methylindole and N-acetyl- 
tryptophanamide. The solvents were dioxane-water 
mixtures in which the maximum fluorescence spectrum 
of these compounds varies in the same wavelengths 
range as the maximum fluorescence spectrum of prot- 
eins in aqueous medium. We determined also the rate 
of non radiative deactivation process of these com- 
pounds in the mixtures and obtained interesting in- 
formations concerning the fluorescence quenching 
mechanism by the solvents. Finally, the variation of 
kF with the fluorescence maximum wavenumber i+ 

of these compounds was compared with data gathered 
from proteins containing one or two emitting tryp- 
tophan residues. 

2. Materials and methods 

2.2. Mbzenbis 

Indole, I-methyhndole and 3-methylindole were 
obtained from Fhrka. Indole and 3-methylindole were 
sublimated under vacuum and stored at 4O in the 
dark. I-methylindole was twice-distilled under re- 
duced pressure. This product was stored under vacuum 
and dilutions were made in a glove-box faed with 
nitrogen. N-acetyltryptophanamide was obtained 
from Sigma and used without further purification. 
Water and dioxane were freshly twice-distilled. 
These solvents were found spectroscopically pure. 

Table 1 

Indole 

Zmethylindole 

iV-methykdole 

N-acetyltrypto- 
phanamide 

0 0.28 4.4 
0.05 0.39 5.5 
0.12 0.45 5.9 
0.24 0.49 5.5 
0.45 0.48 4.95 
1.00 0.45 4.85 

0 0.36 9.2 
0.05 0.42 11.6 

0.12 0.48 11.2 
0.24 0.52 10.0 
0.45 0.57 8.7 
1.00 0.66 5.5 

0 0.42 8.5 
0.05 0.44 8.2 
0.12 0.44 7.7 
0.24 0.40 6.5 
0.45 0.38 5.2 
1.00 0.34 4.1 

0 0.14 3.1 
0.05 0.17 3.5 
0.12 0.26 3.7 
0.24 0.32 4.1 
0.45 0.40 5.3 
1.00 0.46 5.2 

6.3 16.3 2.899 3.8 
7.1 il.1 2.920 3.9 
7.65 9.4 2.990 3.9 
8.9 9.3 3.040 4.2 
9.7 10.5 3.082 4.1 

9.3 11.3 3.205 3.4 

3.9 7.0 2.736 2.9 
3.6 5.0 2.774 2.4 

4.3 4.7 2809 2.6 
5.2 4.8 2.863 2.9 
6.6 4.9 2.920 3.3 

11.9 6.15 3.032 5.15 

4.9 6.8 2.874 3.1 
5.4 6.8 2.899 3.1 
5.7 7-3 2.950 3.0 
6.15 9.2 2.994 3.0 
7.3 11.9 3.067 3.2 
8.3 36.1 3.155 3.2 

4.6 28.1 2.809 3.5 
4.9 24.0 2833 3.5 
6.8 20.3 2890 4.35 
7.7 36.4 2.894 4.4 
8.0 11.6 2.959 4.25 
9.0 10.2 3.012 4.15 

Fluorescence parameters of indole derivatives in water-dioxane mixed solvents. (Temperature: 20°C). 
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Absorption spectra and optical densities were 
measured with a Beckman Acta III spectrophotometer. 

In order to avoid fluorescence quenching by oxygen, 
solutions were contained in 10 X 10 mm quartz cells 
(Hellma) with a special glass attachment for bubbling 
of gas. Gentle bubbling of argon (type N 55, purity 
>99.995%, Air Liquide) was performed during two 
hours. This was found comparable to the technique 
of degassing by successive “freeze-thaw” cycles [ 141 
and evaporation of solvents was prevented_ 

Unless otherwise stated, in the steady-state or 
transient fluorescence measurements, the excitation 
wavelength was chosen at 276.5 nm near the absorp- 
tion maximum of the ‘La electronic transition of 
indole chromophore. Cells were thermostated at 
20°C. 

that the tryptophan quantum yield in 0.14 in water. 
‘Ihe validity of this choice has been extensively dis- 
cussed by Tatischeff and Klein [52] and Lumry and 
Hershberger [53] _ Any correction of this value would 
lead to a corresponding correction of kt and k,. But 
the relative variation of these parameters will not be 
affected_ 

2.3. Fluorescence decay ~rneasurements 

The fluorescence decay experiments were carried 
out using a single photoelectron counting apparatus 
supplied with a peak stabilizer described earlier [I 7]_ 
The excitation light pulse was generated by a free 
running flash lamp operating in hydrogen/neon mix- 
tures (Auchet and Wahl, unpublished work) with a 
frequency at 10 kHz_ The excitation wavelength 
was seiected by a Bausch and Lomb 250 mm mono- 
chromator with a bandwidth of 13 nm. At 90” of 
the exciting beam, the fluorescence emission wavelength 
was selected through a 500 mm Bausch and Lomb mono- 

2.2. Steady-state fluorescence measurements chromator with a bandwidth smaller or equal to 6 
nm. It was verified that under these optical conditions 

Fluorescence measurements were performed with the straylight can be neglected. Photons were col- 
a Jobin-Yvon spectrofluorimeter modified in our lected on a Badiotechnique XP 2 020 photomulti- 
laboratory_ The apparatus was equipped with a XBO- plier. Counts were accumulated with a counting rate 
150 W xenon lamp, two prism monochromators and of l-2% of the flash frequency in order to stay in 
a 6256 B EMI photomultiplier. Fluorescence quan- the single phctoelectron condition. This condition 
tum yields of indole derivatives in mixed solvents was realized b;~ the mean of neutral MT0 fi!ters placed 
were measured relatively to that of the derivatives at the output of the excitation monochromator in 
in pure water. Their determinations were made accord- order to reduce the excitation light. Experiments 
ing to the method described by Demas and Crosby were siopped after I-2 hours when the total counts 
[ 161. Solution absorbances at the excitation wavelength in the fluorescence curve was about 1 X 106_ This 
were generally below 0.1 but all results were corrected time could be appreciably reduced to 15-20 min. 
for the “inner filter effect”. Emission spectra were by using as detector a RCA 8 850 photomultiplier 
corrected for photomultiplier sensitivity and prism selecting at its outpout the single photoelectron 
dispersion. The quantum yields (@) were corrected for pulses. In this last case, the counting rate was set 
the refractive index by using ‘Ae following equation: up to 15 or 20% of the flash frequency_ 

OD 
~“=~sx~XlO(O~.-oD3n,X~X (1) 

2.4. fluorescence decav amysis 

s ” 
The fluorescence decay I(t) is related to the ob- 

where s and u refer to the standard and unknown served fluorescence pulse i(t) by the convolution 
solution respectively and where the symbols n, OD, product: 
A designate the refractive indexes, the optical densi- 
ties and the area under the fluorescence spectra of i(t) = i G(T)l(r - T) dT, 0) 
the samples. These quantum yieIds have been de- 0 

termined with tryptophan as standard. We assumed where G(T) is the apparatus response function to the 
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excitation pulse. G(T) is dependent on experimental 
excitation and emission wavelengths [IS]. Instead of 

determining G(T), our deconvohttion computer pro- 
grams use the apparatus response function obtained 
with a solution of para-terphenyl in deaerated cycle- 
hexane (T = 0.96 ns) according to a method already 
described [ 19,20] - 

‘Jhe values of the decay parameters obtained by 
computation were appreciated by examining the 
deviation functions DVk and the residual R defmed 
by the following expressions: 

DVk = <i$- - $-x)/(t$x)‘” 

* where rex and it are the number of counts in the X?’ 
channel of the experimental and the calculated 
curves respectively. Good fits are found when the 
deviation curves oscillate randomly along the time 
axis. 

Determination of the rates of radiative and non 
radiative deactivation are obtained by the following 
expressions: 

kp = 9/r. k, = (1 - @j/T . (596) 

3. Results 

We have studied the fluorescence decays and the 
quantum yields of scatole, indole, N-methylindole 
and N-acetyltryptophanamide in water-dioxane mix- 
tures. All measurements have been performed at 
20°C i 0.1 O* 

The fluorescence decays of scatole solutions of 
different solvent composition are shown in fig. 1. The 
excitation wavelength was 276.5 nm. These curves 
were analyzed as previously described. %zey could 
be fitted with single exponential functions as shown 
in fig. I where the continuous curves represent the 
computed convolutions_ The average weighted resi- 
due (R) which gives the degree of agreement between 
experimental and computed values is 1 SO. In fig. 2 are 

I I I 1 I I , 

u xl 20 3D 40 50 6D 

Time fns) 

Fig- 1. Effect of solvent composition on fiuoreswnce decays 
of 3-methYEndole. @a) 3metiwrindole in pure water; (b&d, 
e) 3-meihykdole in 20,40,60 and 80 percent dioxane- 
water mixture WV) respectively; (f) 3-methy%ndole in pure 
dioXas%e. Excitation wavelength: 276.5 nm. Emission wave- 
length: 356 nm. Temperature: 20°C. Solute concentration: 
5 X 10” M. The solid lines are calculated convolution 
products assuming a single lifetime. The points correspond 
to experimental values Relative fluorescence intensities 
have been normalized. 

represented the corresponding deviation functions 
which can be considered as satisfactory. This was 
confnmed by checking the fluorescence decay of 
pure 2,Sdiphenyloxazole which is expected to exhibit 
a monoexponential decay. We obtained a decay of 
I.35 ns which compares well with date available in 
the literature (r = 1.36 ns). Be corresponding devia- 
tion function was randomly distributed and fhrctua- 
tions where of the same order of magnitude than 
that obtained with scatole (IZ = 1.81). However, in 
order to determine if more than one contriiution 
could participate to the fhrorescence, emission wave- 
‘length were varied systematically and 8 uorescence 
decay curves were andlyzed for three solvent mixtures. 
III&i is illustrated by fig. 3. At 50 and 100 percent 
dioxane, excitation wavelength used was 276.5 nm. At 
20% dioxane, results reported are obtained with ex- 
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d 
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Fig. 2 Effect of solvent composition on fluorescence decays 
of 3-methylindole. Deviation curves (defmed in section 2) 
between convolution products and experimental values of 
fluorescence decays ilhstrated by fg_ I_ A single lifetime is 
assumed. Same symbols and experimental conditions as in 
fii. 1. 

citation wavelength 295 nm and compared with a 
value obtained at excitation wavelength 276.5 nm. 
It can be seen that no significant variation of the 
fhiorescence lifetime with emission wavelength was 
detectable. 

Lifetimes of scatole were also measured in two 
other binary solvent mixtures: water-DMSO and 
water-terbutanol. In fig. 4, are represented the varia- 
tions of scatole lifetime with the solvent composi- 
tion. I’bese curves exhibit a marqued biphasic profile 
in the three solvent systems. The scatole decay times 
were found nearly identical in the water-DMSO and 
water-terbutanol mixtures at all solvent compositions. 
As molar fractions and dielectric constants are not 
identical for these solvents, this equivalence should 
be considered as accidental. As already pointed out 
[ 143, oxygen is a very effective fluorescence quench- 

*s 

1c i 

5 

t 

_ a 
b 

Fig. 3. Fluorescence lifetimes of 3-methylindole. Analysis at 
different excitation and emission waveleng+hs in various 
solvent mixtures. (a) l 20 percent dioxanefwater (v/v). Exci- 
tation wavelength: 295 nm. a excitation wavelength: 276.5 
nm. (b) 50 percent dioxane/water (v/v), Excitation wave- 
length: 276.5 nm. (c) pure dioxane. Excitation wavelength: 
276.5 nm. 

. 
5- 

1 1 
20 d0 60 6D 100 

Percent Organic Solvent 
WlV) 

Fig. 4. Effect of the addition of organic solvents on the 
fluorescence lifetimes of 3-methyhdole: e dioxane, o di- 
methylsulfoxide, A ter-butanol. Excitation wavelength: 
276.5 nm. Emission wavelength: 330 nm. 
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t* 

Fig_ 5. Fluorescence properties for aqueous soiutions of 
indole derivatives upon addition of dioxaner o indole, + 
I-methylindcle. o 3-methylindole, A N-acetyltryptophan- 
amide. A: lifetimes. B: quantum yields. C: maximum waw- 
number of lluorescence spectra. 

er’in organic solvents. Since oxygen was removed by 
bubbling argon through the solutions during two 
hours (see section 2) the decrease of the lifetime with 
increasing proportions of organic solvent was not 

attributable td oxygen quenching. 
The curves representing fluorescence lifetimes of 

indole and N-methylindole as a function of solvent 
composition (fig. S), also display a biphaslc profile, 
but to a lesser extent. In contrast, fluorescence life- 
times of iV-acetyltryptophanamide rise linearly with 
increasing amounts of organic solvent. It can be pointed 
out that the lifetimes measured in water solutions 
are spread over a large range of values while in pure 
dioxane all compounds show a value close to 5 ns. 

3.2. Detenninarr~on of quamum yields 

The quantum yields of indole and indole derlvat- 
ives solutions of binary solvents have been determined 

as explained in the method section. The fluorescence 
spectra were corrected (fig. 6). The variation of their 
maximum wavenumber with solvent composition are 
shown on fig. 5. The absolute quantum yields of 
these components in water solution were taken from 
the literature. The variations of the quantum yields 
with solvent composition are also shown on fig_ 5. 
Finally the rates of radiative (kF) and non radiative 
(k,) deactivation process were calculated according 
to relation (5) and (6). 

For the four compounds studied, km has been re- 
presented as a function of the dioxane molar fraction 
‘X2” in the mixture (fig. 7). In this figure one can 
distinguish three types of variation of kN with x2 : 

1) km increases linearly. This is the case of N- 
methylindole. 

2) km decreases monotonously as in the case of 
N-acetyltryptophanamide. 

3) k, has a biphasic variation with x2_ This is the 
case of indole and scatole. First it decreases rapidly 

Fig. 6. Effect of solvent composition on fiuorescence 
emission spectra of Nacetyltryptop~de. Spectra are 
corrected as described in Methods. a) Nacetyitryptophanami- 
de in pure water, (b,c,d,e) Nacetyltryptophanamide in 20, 
40.60 and 80 percent dioxane-water mixtures (v/v) re- 
spectively, (0 3VacetyBryptophrmamide in pure dioxrma 
Excitation wavelength: 276.5 nm. Temperature: 20°C!. Solute 
concentration: 2 X IO- M. 
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Molar Fraction of Organic Solvent X2 

F& 7. Rates of non radiative deactivation processes of 
indole derivatives in water-dioxane mixtures: o indole, 
+ N-metbylindole, .3-metbylindole, A Nacetyltryptophan- 
amide. 

until a minimum reached for x2 = 0.1-0.15; then it 
increases linearly. By comparing this curve with the 
curve relaiive to N-methylindole, one is led to write 
the rate of non radiative deactivation process of 
indole and scatole in aqueous solution: 

k*=k1 +k2, (7) 

Fig. 8. Plots of kF versus 6 the wavenumber of the maxi- 
mum fluorescence spectra obtained in various water-dioxane 
mixtures:o indole, -f N-methylindole. . 3-methylindole, 
a Nacetyl?ryptophanamide. Numbers correspond to protein 
in aguaous medium: 1) wheat germ aglutinin. 2) wheat 
germ agglutinin-tr%iVacetykhitotriose complex, 3) S, E. cdi 
riiosomal protein. 4) Smphybcocrus aumus endonuclease, 
5) yeast phosphoglyazate kinase, 6) azurin from Zwudo- 
7zaonasaemginosa 

with the following values: k, = k2 = 8 X 10.’ s-’ for 
indole; k, = 4 X lo7 s-* and k, = 3 X lo7 s-l for 
scatole. These rate constants are obtained by extra- 
polating the linear part of the curves until it cuts 
the k, axis. Then k, s the ordinate of this inter- 
section. 

In fig. 8 k, is represented as a function of UF for 
all compounds studied in the dioxane-water .mixture; 
it appears from that figure that (at the experimental 
accuracy)‘the points representing the solutions of 
indole, scatole and N-acetyltsyptophanamide fall on 
the same straight line. It seems not to be the case for 
N-methylindole and proteins_ 

4. Discussion 

At the resolution provided by our apparatus, the 
E~~resre_n_ce decay of scatole dissolved in water and 
water dioxane mixtures appeared to be mono- 
exponential. Furthermore we found that the fluores- 
cence decay time was independent of the emission 
wavelength. Recently Rayner and Szabo [21] using 
an apparatus having a similar resolution as ours, found 
that the fluorescence decay of water solution at 
neutral pH showed two decay times with values 0.5 1 
ns and 3.14 ns. These derivatives of tryptophan had 
distinct spectra with a maximum at 335 and 350 nm 
respectively. Two decay times for aqueous solutions 
of tryptophan had also been found by Balcavage and 
Alvlger, but with quite different values [22]. What- 

ever may be the difference between these results on 
tryptophan, the authors concluded that the emission 
occurs from two non interdonvertible excited states, 
the solvent equilibrated ‘La and ‘Lb state% of indole. 
If this conclusion was correct, it would indeed apply 
to scatole. As we did not find two lifetimes for 
scatole, results on the heterogeneity of tryptophan 
emission could more probably be due to internal 
quenching_ Such an explanation has already been 
proposed in order to account for the fluorescence 
of cycloglycyl and cycloalanyltryptophan [23]. 
Fluorescence decays of indole, N-methylindole and 
N-acetyltryptophanamide also fitted with a single 
exponential decay. In agreement with our results, 
Donzel et al. [23] reported that the decay of scatole 
and iV-acetyltryptophanamide solutions in water and 
DMSO were single exponential functions with time 
constants independent of emission wavelength_ Our 



Table 2 
Quantum yields and lifetimes of indole derivatives in water and dioxane. Comparison with literature data, a) values obtain- 
ed in this work, b) best value taken from literature and used in thir work. 

Water 

P -~----- 

Dioxane 

T &=) Q 7 (ns) 

Indole 

fmethylindole 

N-methylindole 

O-28 b) - 4.4 =) 0.45 a) 4.8 a’ 
0.28 [36] 5 [391,4.9 [371, 0.42 [36] 4.1 [I31,3.6 [143 

4.1 I131 5.4 1441 
O-28 145 j 4.3 f411,4.8 I141 

4.3 [42],4.5 I441 

0.36 b, 9.2 a) 0.66 =J 5.5 a’ 
0.34 1371, 7.6 f37], 6.1 1391 
0.34 [36] 9.0 [401,9.1 (381 
0.36 1461 

0.42 b, a.5 =) 0.34 =I 4-l=) 
0.43 13x1 10.3 [37],8.5 [38] 

8.8 I411 

AF-acetyltryptophanamide 0.14 bl 3.1 a) 0.46 a) 5.2 a) 
o-14 144) 2.9 [12],2.8 [423 0.30 [441 4.5 (421.4.6 1441 

3.0 [41] 
0.15 [36] 2.7 [43] 

_ 

decay time values of indofe derivatives in water and 
dioxane generally agree with values published in the 
literature and compare weli with that of Walker et al. 
[ 13,383 as it can be seen on table 2. The values rela- 
tive to dioxane are generally more dispersed than in 
water. This is probably due to incomplete removing 
of oxygen in some of the works reported. 

It has been found in this work that the rate of 
the non radiative deactivation process knr of N-methyl- 

indole dissolved in water-dioxane mixtures increases 
linearly with the molar reaction of dioxane x2. In 
contrast with that simple case the biphasic variation 

of k, with xz suggests that there is at least two 
deactivation processes in indole and scatole solutions 
of hi& water contect. From the comparison of this 
behaviour with that of N-methylindole solutions, 
one concludes that the nitrogen proton of indole 
and scatole is involved in one of these deactivation 
processes with rate constant kl probably throu& an 
hydrogen bond with a water molecule. The disappear- 
ance of #is process for values of x2 greater than f 5% 
suggests that it is linked to the structure properties 

of water. It has been shown by a number of physical 
properties that the structure of water changes by add- 
ing a small amount of organic solvents [24]. For 

example, NMR relaxation measurements show that 
addition of dioxane up to a molar fraction of 20% 
increases the water molecule correlation time and 
decreases its self diffusion coefficient [25,26] _ 

In addition to external quenching by the solvent, 
internal quenching by the molecular carbonyls 
should be considered in order to in&?rprete the km 
values of ~ace~l~to~h~~ide in water-dioxane 
mixtures [23,27,283. Additions of dioxane produce a 

decrease of km which can be explained by the pro- 
gressive decrease of this internal quenching process 
which practically disappears in pure dioxane; in this 
solvent, the value of km relative to IV-acetyltrypto- 
phanamide is dose to that relative to indole. 

The study of the variation with temperature of 
the fluorescence quantum yield of aqueous solutions 
of indole, scatole and Nmethylindole led to consider 
km as the sum of a temperature independent term 

k, and a temperature dependent term k(T) having a 
high activation energy [X3,29,3 11. I.n addition the 
fluorescence intensity ratio at 20 and 6@C indicates 
that the hi& activation process exists only & organic 
solvent-water mixtures of high water content 1293. 
More precisely it has been found Cl 3j for indole in 
aqueous solutions that the activation energy and en- 
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tropy increased with ethanol concentration up to a 
molar concentration of 0.05 and then decreased. This 
biphasic behaviour with a maximum at low organic 
solveni concentration recalls the variation of km ob- 
served in the present work in the case of indole and 
3-methylindole dissolved in water-dioxane mixtures. 
This led to the conclusion that the quenching process 
characterized by k(T) is linked to the water structure. 
Comparison of k,, and k(T) values [29-3 I] reported 
in the literature with the results obtained for the 
water solutions studied in the present work, suggests 
that the two quenching processes characterized by 
k, and k, are both temperature dependent_ More 
precise conclusions about this dependence might be 
obtained by accurate measurements of quantum 
yield and decay time of the organic solvent-water 
solutions as a function of temperature. 

populatior. of the two excited states ‘La and ‘La 
f32,33]_ Recent measurements of the eiectronic 
transition moments as a fucction of temperature of 
indole derivatives in water and hydrocarbon solutions 
disagree with such a possibility [34] _ But both type. 
of solvents may represent extreme cases where emis- 
sion com??s from a unique excited state, namely tLt, 
in hydrocarbon and IL, in water. Dioxane-water 
mixtures are intermediate cases in which dual emis- 
sion might occur- 

For the indole derivatives solutions in the dioxane- 
water mixtures studied in this work, the rate of the 
radiative deactivation process kF increased with x2_ 
Furthermore it has been found that k, values of indole, 
scatole and IV-&etyitryptophanamide (the three 
derivatives with a non methylated ring nitrogen) 
were linked by the same relation to the wavenumber 
&) of the maximum fluorescence spectrum. The 
electronic transition moments obtained from these 
vdlrtes of kF still vary witi the solvent composition. 
This result mighht be explained by considering that the 
fluorescence is emitted from a thermally equilibrated 

The empirical relation found between X-F and I+ 
by studying the model compounds in water-dicxane 
mixtures incited us to determine whether a similar 
relation might be found in the case of the proteins 
tryptopbyl emission. In order to establish such a rela- 
tion it would be very useful to dispsse of a series of 
proteins containing one tryptophyl residue in a 
definite environment. For such proteins the radiation 
rate constant would be: 

kF=&- @I 

Experiments show that the conditions are rarely ful- 
Zlfed. If one admit, however, that a relation exists 
between X-F and i+, it suffices to select proteins in 
which the number of emitting tryptophans is small 
and in which the fluorescence decay does not depend 
on emission wavelength. In such a case, one can write: 

RF+ 
7 

(8’) 

Table 3 

Fiuorescence Parameters of several proteins in aqueous medium and mom temperature 

tQ> (7) X-F 
x 1 o-7 s-1 

YF 
ns x 10-4 cm-’ 

--_-- --- 
WGA [Ill 0.12 X 312 4.32 4.1 
WGA Ill] OS5 X 312 5 4.5 

+ 
chitotriose 

S4 
?Wd- L:“, f”4’93 

3.25 1481 4.9 
5.5 [sol 5.3 

P_G.K. 151‘1 0.08 l-7 4.6 

@H 3.91 
Azurin [ 121 0.21 4.7 4.5 

--- ~-- _--- 

WGA: wheat @%m ~~Utinin. 
Se: Se E cvii ribosomal protein. 
~XX&SS~: Sraphyiorocrus aurezts endortuclease. 
P.G_K: yeast phosphoglycerate k&se. 
AZIXI&: a~uti from Pseudomonas aenrginose 

A 

2.37 
2.96 

2.95 
2.98 
2.94 

3.25 



(9) and (7) must be obtained by excitation at a wave- 
length in which oz-dy the tryptophyl residues absorb 
(295 run). Furthermore, one has to assume that the 
molar absorptivity (e) of each residue is the same at 
that wavelen,@h. Finally, (7) must be obtained from 

. a detailed analysis of accurate fluorescence decay 
measurements, after checking that this decay is in- 
dependent of the emission wavelength_ Most of the 
published decay times of proteins have not been ob- 
tained under the conditions required; then they are 
not suitable for our purpose_ Fig. 8 represents the 
approximated value of k, as a function of FF for a 
few proteins containing one or two tryptophyi resL 
dues per protomer. Tjheir quantum yield ant? decay 
times have been carefully measured. fn the case of 
wheat germ agghrtinin FGA) we took into account 
that, out of three tryptophan residues contained in 
the protomer, only two are fluorescent [353. It can 
be seen from fig_ 8 that the value of kF found for 
proteins is sensibly smaller than in the case of not-t 

iV-methylated indole compounds dissolved in the 
dioxane-water mixtures. In addition, the variation of 
k, with FF is less pronounced than in the case of 
the solutions of model compounds. These results 
are important in view of the quantitative determina- 
tion of the number of non fluorescent tryptophan 
residues [ 11,121 and of the determination of the trans- 
fer rate between tryptophan residues in a protein. 

In future works, additional measurements on 
proteins containing one or two emitting tryptophan 
residues must be made in order to ascertain if a rela- 
tion between k, and FF can be established. Then 
the power of the analysis of protein fluorescence 
heterogeneity by decay measurements would be 
sensibly increased. 
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