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The tryptophyl fluorescence emission of yeast 3-phosphoglycerate kinase decreases from pH 3.9 to pH 7.2 folloting a 
normal titration curve with an apparent pK of4.7. The fluorescence decays have been determined at both extreme pH by 
photocounting pulse fluorimetry and have been found to vary with the emission wavelength. A quantitative analysis of 
these results according to a previously described method allows to determine the emission characteristics of the two trypto- 
phan residues present in the protein molecule_ At pH 3.9, one of the tryptophan residues is responsible for only 13% of the 
total fluorescence emission_ This first residue has a lifetirne or = 0.6 ns and a maximum fluorescence wavelength hrmax 
= 332 nm. The second tryptophan residue exhibits two lifetimes rat = 3.1 ns and raa = 7.0 ns (hamax = 338 nm). In agree- 
ment with the attribution of rat and raa to the same tryptophan residue, the ratio p = Car&a of the normalized amplitudes 
is constant along the fluorescence emission spectrum. At pH 7.2, the two tryptophan residues contniute almost equally tc 
the protein fluorescence. The decay time of tryptophan 1 is 0.4 ns. The other emission parameters are the same as those 
determined at pH 3.9. We conclude that the fluorescence quenching in the range pH 3.9 to pH 8.0 comes essentially from 
the formation of a non emitting internalground state complex between the tryptophan having the longest decay times 
and a neighbouring protein chemical group. The intrinsic pK of this group and the equilibrium constant of the internal com- 
plex can be estimated. The quenching group is thought to be a carboxylate anion. Excitation transfers between the two 
tryptophyl residues of the protein molecule appear to have a small efficiency. 

1. Introduction 

The emission of protein solutions, irradiated at 
295 nm, is essentially due to the indole chromophore. 
S’lnce the physical properties of this emission are high- 
Iy sensitive to environment, tryptophan residues have 
been used as reporter groups of protein conformation 
changes caused by ligand binding, solvent perturbation 
or temperature increase. This is the reason why Imuch 
work has been done in order to correlate physical and 
chemical perturbations with spectroscopic properties 
of indole. In spite of+hese numerous studies, two dif- 
ficulties are still encountered in protein fluorescence_ 

First, even for simp.Ie indole derivatives, the corre- 
lation between spectral properties and solvation are 

far from definitively established (for review see Lumry 
and Hershberger [1 j )_ 

Secondly, most proteins contain more than one 
tryptophan residue. Their fluorescence spectrum is a 
composite one as a result of the different environment 
of each tryptophan residue. In preceding works we 
have been able to separate the fluorescence spectra of 
two different tryptophyl emissions by determining the 
fluorescence decays as a function of emission wave- 
length_ For example, it has been possible to reconsti- 
tute the individual spectra of the folded and unfolded 
conformers of cycle-glycyl and cycle-alanyl trypto- 
phan 123 _ More recently, the spectra of the two indi- 
vidual tryptophan residues of the lac repressor protein 
of E. coli have been reconstituted and their opposite 
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wavelength shift in presence of the inducer I.P.T.G. 
have been shown up [3]. 

2.2. Beady stare fluomscence measurements 

In the work reported here, we applied the same 
method to the study of yeast 3phosphoglycerate 
kinase (P.GX_). This enzyme of the glycolytic path- 
way is a very attractive one since its monomer is made 
of two lobes joined together by a “waist” of diameter 
2 run [4]. A similar structure has been found in yeast 
hexokinase [S] , adenylate _kinase 161, horse muscle 
phosphoglycerate kinase [7] and is expected to have 
some relation with the function of these enzymes. It 

has recently been shown that the enzyme fluorescence 
is a function of pH [S] _ 

By using time resolved spectroscopy, we have been 
able to decompose the tryptophyl fluorescence spec- 
trum into two components which have been attributed 
to each of the two tryptophan residues. In addition 
we found that the fluorescence decrease which is ob- 
served when the pH increases from 3.9 to 7 was due 
to a static quenching of one of the residues. The equi- 
librium constants of this interaction have been evaluated. 

Fluorescence spectra were measured with a Jobin- 
Yvon type Bear-n spectrofluorimeter modified in our 
laboratory_ The apparatus was equipped with a XBO- 
150 W xenon lamp, two prism monochromators and a 
6256 B EM1 photomultiplier. Fluorescence quantum 
yields of P.G.K. were measured relatively to Nacetyl- 
tryptophanamide in distilled water. Their determina- 
tions were made according to the method described 
by Demas and Crosby [12]. Emission spectra were cor- 
rected for photomultiplier sensitivity and prism disper- 
sion. The quantum yields (a) were calculated accord- 
ing to the following equation: 

5x 10 ap=$x A (ODp-OD,)/2 x ODs 

s OD* 

where s and p refer to the standard and protein solu- 
tion respectively and where the symbols OD and A 
designate the optical densities at the excitation wave- 
length and the area under the fluorescence spectra of 
the samples. 

2. Materials and methods 2.3. Fluorescence titration analysis 

The enzyme was isolated as previously described 

(9) or purchased from Boehringer Mannheim Co. Ab- 
sorption spectra and optical densities were measured 
with a Beckman Acta Hi spectrophotometer. The pro- 
tein concentration was determined by absorbance 
measurements at 280 m-n using A 1 7 =,o =4.9 [lO,ll]. 

2 1. Fluorimefric ti?~ffZio~z 

The pH measurements were performed with a 
Tacussel pH meter equipped with a TCBC 1 l/HS/SM 
glass electrode. The pH of a solution of P.G.K in 0.1 
M NaCl was adjusted with small aliquots of diluted 
NaOH or HCl. In order to avoid protein denaturation, 
each addition was made slowly with a gentle stirring 
of the protein solution_ Any increase in pH did not ex- 
ceed 0.1 unity. The pH was measured before and after 
the fluorescence experiments in order to check the 
solution stability. No pH change was found to occur 
during the fluorescence measurements, even near the 
isoionic point of the protein. 

In order to take into account the results of the flu- 
orescence decay, we were led to explain the fluores- 
cence change with pH by the following reaction scheme 

PH = P- -t H+ = P-TR- (2) 

where PH, P-, P-TR- are respectively the acid form 
and two ionized forms of the protein molecule. In the 
P-TR- form, the ionized group (presumably a car- 
boxylate) comes in contact with one of the two tryp- 
tophan residues and quenches completely its fluores- 
cence_ 

One defines the following equilibrium constants: 

IT, = p-1 IH+J/l?Hl, (3) 

K;! = IT’---TR-I/P-l, (4) 

K,=KI(1+K2) = @]{Cp-] +~-TR-]1/~H]. (5) 

K1 and Ka are respectively the intrinsic and apparent 
dissociation constant of the carboxylic acid whereas 
K2 is an isomerization constant_ 

(1) 

The fluorescence intensity of the three protein mol- 
ecule species present in the solution will be designated 
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by FpH, Fp-, Fp_TR- and their quantum yield by qPH, 
qp-, qI _ We assume that ionization by itself does not 
affect the protein quantum yield. Static quenching oc- 
curs only after the isomerization reaction_ Hence we 
defme qpH = qp- = qn. In the fluorescent state I, one 
of the tryptophan residues interacts with 2 quencher 
group whereas in state II this interaction does not occur. 

We can then write: 

FPH = 9x1 [PHI = 411 x 
[PO1 

l+K,/[H+] ’ 

where [PO] is the total molar concentration in protein. 

411 [PO 1 
FP-=%Itp-l =I-+K x 

%JCH’l 

2 l+K,/[H+] ’ 

FP-TR- = 4I IP-TR-] = 
41 PO 1 K2 nglW3 

l+K X 
2 l+K,/[H+] - 

The whole fluorescence emission F is the sum of 
these three contributions_ For K,/[H*] S- 1, the inten- 
sity becomes: 

Fmin = (‘I’ 
-+ 415) [Pi-J1 

1 K 
i 

_ 
2 

When K,/[H’] 4 1, the intensity reaches: 

F,,, = 411 [PO 1 

It can readily be shown that F varies with pH ac- 
cording to a classical titration curve, the equation of 
which can be written as follows: 

F -F 
log F:=Fmi, = pH + log K,, (7) 

where F,,, and Fmin are respectively the maximum 
and the minimum intensities corresponding to the high 
and low pH plateaus. The ratio of these two intensi- 
ties is given by: 

(8) 

If we assume that the radiative rate constant is 
identical for the two tryptophan residues, one can 
write: 

Q/411 = (.ii)/(r11), (9) 

where (rI> and (7~) are the mean decay times of the 

protein fluorescence in the states I and II. 
In the particular case of yeast 3-phosphoglycerate 

kinase, two fluorescence transitions overlap in the 
acidic pH range. So that, while Fmin can be measured 
directly, F,, had to be estimated. This was done by 
extrapolating the plot l/(F-Fmi,) versus lj [H’] at 
l/[H+] =o. 

2.4. Primiple of the method of the time resolved 
spectroscopy 

As the general principle of the method has already 
been described [13] we will only give here formulae 
adapted to the present study. We consider a protein 
containing two tryptophan residues. Let us assume 
that the fluorescence decay at a given emission wave- 
length is the sum of three exponential functions 2s 

follows: 

I(h, t) = C,(k) exp(-t/Tl) 

-t C21(3 exp (- t/i21 ) -+- &(X) exp (-t/722), (12) 

‘1 is the decay time characterizing the tryptophan 
residue number 1, rzl and rzz the residue number 2. 
The fluorescence spectra of the two chromophores 
are different but the two decay times r21 and rT2 are 
associated with the same spectrum. This means&at 
the ratio Czl (h)/Cz2(X) does not depend on the emis- 
sion wavelength. The whole fluorescence spectrum of 
the protein is the sum of two spectra each arising from 
one of the two emitters. One can write: 

F(k) = F1 (V + Fz (A), 

and obtain the two resolved spectra by the following 
expressions: 

FIN= 
c-1 Wlr1- 

Cl(VTl ‘C,,(h)~21 +c,,(x)‘r,2 
X&9 (13) 

C21 (W21-t C22(W22 

F2(A)=c#L)T1+c2~(h)T2,+C22(~)T22 
X F(‘h) (14) 

Furthermore the areas S, and S2 under the fluores- 
cence spectra F1 (A) are related to the molar concen- 
tration [A1 ] and [AZ] of each of the two residues by 
the following relation: 

Sl (~9 kF,EI x [All 

-x71=- - s2 kF2 '2 iA ’ 
(15) 
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where the average lifetime (Eli> is given by: 

for any value of the emission wavelength h kFz, el , 

kr;,' e2 are the radiative rate constant of deactivation 
and the molar absorptivity for residue 1 and 2 respec- 
tively. 

The transient fluorescences excited by a short light 
pulse were measured using a phbtoelectron counting 
apparatus described earlier. The excitation light pulse 
was generated by a free rutig flash lamp operating 
in hydrogen/neon mixtures (Auchet and Wahl, unpub- 
lished work) with a frequency at IOKHZ. The excita- 
tion wavelength was selected by a Bausch and Lomb 
250 mm monochromator with different bandwidths_ 
Fluorescence emission wavelength was selected through 
a 500 mm Bausch and Lomb monochromator with a 
bandwidth generally set at 3 nrn. It was verified that un- 
der these optical conditions the straylight was negligi- 
ble. Photons were collected on a RCA 8 850 photo- 
multiplier. 

The response function g(t) of the apparatus was 
obtained with a solution of para-terphenyl in cyclo- 
hexane as already described [I43 (T = 0.96 as). Meas- 
urements with the reference compound were made be- 
fore and after each observation of the protein solu- 
tions. 7%~ procedure allowed us to test the repro- 
ducl%ility of the apparatus response function. 

The parameters of the sum of exponent&& which 
fits the measured transient fluorescence were obtain- 
ed by a computing program where the reference tran- 
sient fluorescence was directly introduced [15,16]. 
The quality of the fit was assessed by using the 
residual R defined by the following expression: 

where i& and i: are the number of counts in the icth 
charmel of the experimental and the calculated curves 

respectively. The program repeated SysternaticaIly the 
calculation of R with different sets of time constants 
7i increased by a fixed increment. The set of ri which 
led to the minimum of R was selected. 

The amplitudes @e-exponential terms) were deter- 
mined, using the moments of the studied transient flu- 
orescence and of the reference, by a set of linear equa- 
tions which take into account the truncature of the 
data [17] _ When the sample fluorescence was fitted 
with a three time constant decay, it was necessary to 
use moments until the third order. The fit of the best 
parameters obtained were also evaluated by examining 
the deviation functions D,k and the precision param- 
eter P [15] defined by: 

Dk = (i” _ ik_)/(i”_)U2 
?J c ex ex 2 P= ((R-1)/Mo)1’2, 

where MO is the moment of order zero of the fluores- 
cence decay curve. 

The three time constants were assumed to be the 
same for all the sample fluorescence of a series obtain- 
ed at fued emission wavelength and various excita- 
tion wavelengths or at fixed excitation wavelength 
and various emission wavelengths. A modified version 
of the compuiing program outlined above was then writ- 
ten which computed S = Zj%1 Pi for a given set of 
time constants, where Pi was the precision parameter 
of the sample fluorescence measured at the variable 
wavelength Xi and n the number of variable wave- 
lengths chosen. This program selected the set of time 
constants which minimizes S. The simultaneous anal- 
ysis of a series of fluorescence data was also carried 
out by a third type of program where the ratio of the 
amplitude of the second and the third exponential 

terms CC,, K22 1 was set equal to a given value ~3. For 
this purpose, in the set of linear equations which leads 
to the amplitude values, the third equation involving 
the moment of order three was replaced by the rela- 
tion C21 - PC22 = 0. 

3. Results 

3.1. Steady-stare jhorescence measuzntents 

The pH dependence of the fluorescence of yeast 
3-phosphoglycerate kinase is shown in fig. l_ Experi- 
ments were carried out in NaClO.1 M at 20°C. Excita- 
tion wavelength was set at 295 run. In these measure- 
ments, we used the intensity at 340 nm which can be 
considered as proportional to the quantum yield since 
the fluorescence spectrum is only slightly shifted along 
the pH range explored_ In agreement with a previous 
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2 3 4 5 6 7 8 9 10 

PH 

Fig. 1. Fluorescence titration of yeast 3-phosphoglycerate 
kinase in 0.1 M NaCI. Relative fluorescence intensity at 340 
nm (Ah = 7 run). Excitation wavelength = 295 nm (A?. = 2 
nm). Protein concentration : 1 mg/ml. Temperature : 20°C. 
The fluorescence intensity is reported as a fraction of the 
value at pH 2.7. 

work [SJ it can be seen that the relative fluorescence 
quantum yield of yeast 3-phosphoglycerate kinase de- 
creases when the pH is raised from pH 3.9 to pH 7.5. 
pH adjustment was performed very progressively (see 
sect. 2)_ The reversibility of the phenomenon was tested 
and was found to be nearly complete. Some kinetic ef- 
fects appeared, however, when the pH waslowered too 
rapidly. The curve reaches a lower plateau in the basic 
pH range while in the acidic one a second transition 
appears which does not allow the observation of the 
higher plateau IS]. 

length was fned at 360 nm and the transient fiuores- 
cences were measured at excitation wavelengths rang- 
ing from 260 run to 305 urn. 

In the other series of experiments the excitation 
wavelength was fused at 295 nm whereas measure- 
ments were dcne at different emission wavelengths in 
the range 320-380 run. Under these last conditions 
fluorescence from the protein tyrosine is negligible 
and the emission comes exclusively from the trypto- 
phan residues. 

The interpretation of the decay measurements (see 
below) led us to describe the fluorescence titration 
curve by the scheme given above in section 2. 

From the extrapolation of the plot l/(F--Fmin) 
versus I/[&] to I/ [H+] = 0, one finds Fmax/Fmin = 
2.67. Fig- 2 shows the plot log (Fmax-Fmin)/ 
(F-Fmin) = f(pH). The apparent ionization constant 
is pK, = 4.7. 

3.2. fluorescence decay measurements 

As explained in the method section we separately 
first determined the sum of exponentials which, after 
convolution with the apparatus response function, in- 
dividually fitted each experimental transient fluores- 
cence. In all cases, three exponential terms were nec- 
essary to obtain a good fit. For a series of experiments, 
as defined above, the three decay times were found to 
be independent of the excitation or emission wave- 
length in the limits of the experimental accuracy_ These 
results justified an analysis in which the experiments of 
a series were simultaneously fitted with sums of three 
exponentials having the same set of three decay times. 

Decay measurements have been performed at two ex- 
treme pH values of the fluorescence titration curve,name- 
ly pH 3.9 (acetate buffer 5 X 10m2 M, NaClO.1 or 6.91 
M) and pH 7 -2 (Tris-HC1 buffer S X 10e2 M, NaCIO.l M)_ 

In a fust series of exueriments the emission wave- . 

3.2. I. Vatible excitation wavelength 
The emission was fared at 360 nm and the pH was 

3 -9 _ Fluorescence transients were determined at eight 
excitation wavelengths in the range 260-305 nm. One 

- PH 

Fio =_ 2. Hill plot of the change in fluorescence emission as a 
function of pH. Ionic strength : 0.1 hl NaCI. Fluorescence in- 
tensity at 340 nm (AX = 7 run). Excitation wavelength : 295 
nm (Ah = 2 nm). Protein concentration : 1 mg;ml. Tempera- 
ture : 20°C. The line drawn through the points has a slope 
(Hill coefficient) close to unity. 
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Yeast 3-phosphoglycerate kinase tryptophyl fluorescence lifetimes obtained at different excitation wavelengths (Aem = 360 nm). 
T = 20” C, R and P are defined in sect. 2. Each transient fluorescence has been analyzed separately. 

721 b-4 722 (ns) C2l c22 R PX 103 

260 0.6 3.0 7.0 36.0 49.1 14.9 1.61 0.62 
270 0.8 3.2 7.0 37.1 49.8 13.1 i-33 0.47 

280 0.8 3.2 7.0 39.6 47.2 13.2 1.33 0.40 

285 0.8 3.2 7.0 35.0 51.0 14.0 1.60 0.50 

290 0.8 3.2 7.0 41.7 46.1 12.2 1.29 0.43 

29.5 0.8 35 8.0 44.2 48.0 7.8 1.22 0.42 

300 0.5 3.2 8.0 47.0 43.3 9.7 1.46 0.67 
305 09 3.6 9.0 42.7 48.0 9.3 1.61 0.68 

sees in table 1 the parameters obtained by analyzing 

separately each transient tkorescence. The simultane- 
ous analysis of the eight experiments led to the follow- 
ing time constants: 

The time constants rl, 721, 7-22 obtained by this 
last analysis were then used for computing the pre- 

‘I = 0.6 ns, 721 =3-l ns, rz2 = 7.0 ns. 

The amplitude associated with the three time con- 
stants did not show any systematic variation with 
wavelength_ Therefore the iryptophan fluorescence 
decay appeared ta be independent of the excitation 
wavelen,&. 

3.2.2. Vati 5 Ze emission wavelength 
The fluorescence decays were analyzed at pH 3.9 P.G.K. (pH3.9) 

and pH 72. The excitation wavelength used for this 
mu-pose -was 295 run (A&, = 6 mu). Since tyrosine 
absorption is very low at this wavelength, we may as- 
sume that, under ‘hese experimental conditions, the 
tryptophyl fluorescence emission exclusively is observ- 
ed_ Six different emission wavelengths were selected. 
They were simultaneously analyzed. The set of three 
lifetimes minimizing the results was found to be the 
same as the one obtained in the preceding study where 
the emission wavelength was fued and the excitation 
wavelen,@h varied. At pH 7.2, the simultaneous anal- 
ysis led to the following decay times: 

* 1 . 

10 20 30 

il = 0.4 ns, 5-21 =3-l ns, 722 = 7.0 ns. 

The values of the pre-exponential terms found in 

Time (ns) 

these analyses at both pH are given in table 2. One can 
see that these parameters vary systematically with the 
emission wavelengths_ Furthermore, in both series, the 
ratio j3 = CzI /C22 can be considered to be independent 
of wavelength at the experimental accuracy. 

Fig. 3. Fluorescence decays of yeast 3-phosphoglycerate 
kinase in 0.05 M acetate buffer pH 3.9,O.l M NaCI. Excita- 
tion wavelength : 295 m-n, Ah = 6 nm. Emission wavelength : 
360 run, AX = 12 nm. Temperature : 20°C. The solid lines are 
calculated convohrtion products. The points are related to ex- 
perimental values. The insert Is a representation of the devia- 
tion between convolution products and experimental values 
(see Materials and Methods). 
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Table 2 
Yeast 3-phosphoglyzerate kinase tryptophyl fluorescence lifetimes obtained at different emission wavelengths (Xexc = 295 mn). 
T: 20°C. R and Pare defined in sect. 2. The transient fluorescences measured at a given pH were analyzed simultaneously by as- 
suming they were .Il characterized by the same decay times. 

pH 39 pH 7.2 
rr = 0.6 rar = 3.1 Q-22 = 7.0 Tr = 0.4 7.21 = 3.1 722 = 7.0 

Cr c-21 c22 Cl c21 c22 

320 66-4 26.9 6.70 93.8 5.0 1.2 
330 56.7 34.6 8.7 92.4 6.1 1 s 
340 45.4 43.7 10.9 90.4 7.7 1.9 
350 37.6 49.9 12.5 90.7 7.4 1.9 
360 31.7 54.7 13.6 88.5 9.2 2.3 
380 19.1 64.7 16.2 85.5 11.6 2.9 

. . .-_- 

exponenti terms C,, Czl, C22 for different values of 
fl as described in the method section. Fig. 4 shows the 
variation of the parameter ZPi with fi for each series 
of experiments. It can be seen that the value p = 4.0 is 
consistant with all experiments_ The average lifetime 
of tryptophan 2 is then: 

(72) = 
Pr21 + 522 

l+P 
=3.9ns 

The constant ratio p along the excitation and the 
emission spectrum allows to rationalize our results as 
follows. The shorter lifetime 71 is ascribed to the 
tryptophan residue number 1, while the two lifetimes 
rZI and 722 correspond to two types of environment 

excitation 
spectrum 

_ (pH3.9) 

1 I I 

2 4 6 

Cl2 
/C*, 

Fig. 4. Variation of the stun S = Xi Pi with the ratio fi = Car/ 
Caa for three sets of experiments. 

of the second tryptophan residue of the protein. The 
results are thus consistant with two fluorescent spe- 
cies. The simultaneous analysis of a series of experi- 
ments with the Same decay times increases the accu- 

Ft= F(l)+ F(2) 

t?GK pH 3.9 

320 34@ 360 380 
Emission Wavelength (nm) 

Fig. 5. Resolution of the fluorescence spectrum of yeast 
3-phosphoglycerate kinase at pH = 3.9 (acetate buffer 5 x 
10e2 M, NaClO.1 M). Compcnent 1 is characterized by rr = 
0.6 ns, component 2 by ~21 = 3.1 and ~22 = 7.0 ns (Car /C,a 
= 4.0). 
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Ft = FC13 + FC2Il 

P_G.K pH 7.2 

a , 1 t 

320 340 360 380 

Emission Wavelength cram> 

Fig. 6. Resolution of the fluorescence spectrum of yeast 
3-phosphoglycerate kinase at pH = 7.2 (Tris-HCI buffer 5 X 
10” M, NaCIO.l hl). Component 1 is characterized by 71 = 
O-4 ns, component 2 by ~2, = 3.1 and q.2 = 7.0 ns (C&/C22 
= 4.0). 

racy on the decay parameters. This has been recently 
discussed in several works [15,18,19]. 

According to the analysis described in section 2, 
we have determined the two resolved fluorescence 
spectra arising from each tryptophan residue. The re- 
sults are illustrated by figs. 5 and 6. When the areas 
under each of the resolved spectra are compared, it ap- 
pears that component 2 contrrbutes 87% of the total 
emission at pH 3.9, while the two components con- 
tribute almost equally to the spectrum at pH 7.2. 
The smaller quantum yield at pH 72 observed by 
steady state fluorescence must be attributed then to 
a static quenching of tryptophan residue number 2. 

3.23. Determination of the intrinsic dissociation and 
t?ze isomerization constants 

Following our interpretation of the fluorescence 
decays one can write for state I: 

(5-r) = r, _ 

According to relations (8) and (9), the ratio of the 
maximum to the minimum of the fluorescence titra- 

tion curVe is then given by: 

Fmax 1+K2 
-= 

Fmin 1 -t ((iI)/ K,’ (16) 

where (rII) = 0.5 rl i- 0.5 (I-~> = 2.2 ns and (r2) is the 
average decay time of tryptophan number 2. 

K, can be obtained by resolving the eq. (16) where 
Fmas/Fmin 71 and (rn) are replaced by their experi- 
mental values. With ?, = 0.5, one finds: 

hr2 = 4.28. (17) 

Then, using relation (5), one obtains pK, = 5.42. 
At pH 7-2, the concentration [A, ] and [A,] of 
tryptophan 1 and 2 are: 

[A, ] = [P-] + r--TR-1, 

from which one obtains: 

[-%I = P-l- 

[A, l/[Azl = 1 +Kz- (18) 
If one applies eq. (15) to the fluorescence decay 

obtained at pH 7.2, one finds: 

IA, l/[A~l = 7.8, 

which leads to K, = 6.8. (19) 

This value is somewhat higher than the value ob- 
tained by the first determination. But it must be 
noticed that the accuracy of both determinations is 
not high since the value of r, can be affected by an 
important error. K2 known, the values of [A2]/[A1 ] 
can be obtained at all pH values since 

[A, 1 = PO], C&l = PHI + P-l- 
Taking into account eqs. (4) and (5) one can write: 

L$I/[A, I = l& X [ 1-t +], (20) 
2 

where CY = K,/[H”] _ 
One can easily see that at pH 3.9, eq. (20) can be 

reduced to: 

[Az]/[AI ] = l/(1 +o) = 0.86. 

On the other hand, by applying at pH 3.9 the rela- 
tion (15) to the component spectra obtained, one finds: 

[A2]/[AI] = 1.03. 

Taking into account the many sources of inaccura- 
cy, these two values can be considered as being in fair 
agreement with each other. 
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4. Discussiqn 

At both pH values studied and at all excitation and 
emission wavelengths chosen, the fluorescence decay 
of yeast 3-phosphoglycerate kinase was found to be 
the sum of three exponential functions. 

When the emission wavelength was futed at 360 nm, 
the decay was independent of the excitation wave- 
length. Under these conditions one expects to observe 
exclusively the tryptophyl fluorescence. These results 
show that the emission does not contain any contribu- 
tion from the tyrosine fluorescence, neither from 
Rayleigh nor F&man scattering. Otherwise the decay 
would depend on the excitation wavelength_ Conse- 
quently, despite its low value, the decay time 7, must 
be attributed to the tryptophyl emission. A very short 
lifetime has also been recently reported by Torikata 
et al. [ 181 for the tryptophan fluorescence of Pig 
heart lactate dehydrogenase. 

By contrast, the decay time of the fluorescence 
excited at 295 nm depended on the emission wave- 
length_ By a quantitative analysis of this depen- 
dence, we were able to decompose the spectrum of 
yeast 3-phosphoglycerate kinase into two distinct 
spectra which were attributed to the two tryptophyl 
residues of the protein molecule_ These spectra are 
shifted by 6 run with respect to each other. The blue 
one (tryptophan residue number 1) corresponds to 
the lifetime rl = 0.4-0.6 ns. 51 characterizes a state 
strongly quenched of tryptophan 1 in the protein. We 
do not know the quenching mechanism giving rise to 
T, _ But from its efficiency and from the maximum of 
its resolved spectrum, we can predict that tryptophan 
1 is probably buried in the protein core. 

Both lifetimes r2r = 3.1 ns and 722 = 7.0 ns have 
been attributed to tryptophan 2. The occurrence of a 
multiexponential decay has already been described for 
cyclopeptides and proteins containing a single trypto- 

phan residue [2,20]. In contrast, for simpie indole deriv- 
atives dissolved in different water-organic solvent binary 
mixtures, we found a continuous evolution of single 
lifetimes from pure water to pure organic solvent [2 l] _ 
It can be concluded from these previous observations 
that the multiexponential decay of a tryptophan resi- 
due in a protein has to be related to several configura- 
tions of the local environment of that residue. This ap- 
plies to tryptophan 2 of yeast 3-phosphoglycerate 
kiuase. 

r2? seems to arise from a configuration where per- 
turbations by vicinal groups of the protein are relative- 
ly small. In contrast, the value r-,r which corresponds 
to the second state of tryptophan 2, results from dy- 
namic interactions with a vicinal quencher group. The 
ratio C2,/CZ2, which does not depend on the emission 
wavelength and pH, represents the relative populations 
of the two distinct states. From the maximum of its 
resolved fluorescence spectrum, it can be concluded 
that tryptophan 2 is probably located a more hydro- 
philic domain than tryptophan 1 was. In addition, it 
is worthy to note that a long time constant also ap- 
peared in the decays of HSA [20], of WGA [22] and 
the lac repressor protein of E. coli 131, three proteins 
for which the fluorescence emission arises from highly 
solvated emitters. 

The variation of the fluorescence intensity between 
pH 3.9 and 7.2 may be fitted with a Henderson- 
Hasselbach titration curve having a pK, = 4.7. These 
results suggest that the fluorescence of tryptophan 2 
is quenched by a carboxylate anion. According to the 
decay results at pH 7.2, the quenching occurs by for- 
mation of a complex in the ground state between the 
carboxylate and the indole ring. One may propose 
that this complex is stabilized by a hydrogen bond be- 
tween the indolic N-H group and the carboxylate 
group. This implies that an aspartic or a glutamic acid 
residue is situated in the vicinity of the tryptophan 
residue. In its acid form such a group might induce a 
dynamic quenching of the indole ring by a charge 
transfer process [23] _ This mechanism might explain 
the presence of a short and a long time constant in 
the fluorescence decay of tryptophan number 2 if the 
contact between the carboxyl and the indole ring is 
hindered by a rotation barrier (2). 

The interaction of the indole ring with the nega- 
tively charged group is an isomerization reaction the 
constant of which was designated by ii’2 _ There are 

two ways of computing K2, which lead to similar val- 
ues. The determination of the concentration ratio of 
the two kinds of emitting tryptophan residues at pH 
3.9 shows that the time spectrum analysis is consistent 
with the fluorescence titration curve. This result shows 
that energy transfers between tryptophyl residues are 
small, otherwise relation (15) would not be valid. 
This point has been discussed in a preceding work in 
the case of the lac repressor protein [3] and will be 
studied further in the case of P.G.K. in a future work. 
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Let us note that the time spectrum analysis is based 
on the relation kF, E] = kF1 E-) _ AS discussed before, 
the relation e1 = e2 comes f&m the analysis of the 
fluorescence decay at different wavelengths of excita- 
tion_ Secondly, in a recent work [21] we showed that 
for solutions of indole compounds, kF varies lin- 
early with the wavenumber vF of the fluorescence 
maximum spectrum_ In contradistinction, the varia- 
tion of k, with vF was shown to be very small in the 
case of tryptophyl residues of proteins. Since the shift 
between the two resolved spectra which characterize 
both residues is small, one can reasonably consider 
that k,, = kFz. 

In conclusion, the decomposition of the tryptophyl 
fluorescence of yeast 3-phosphoglycerate kinase into 
two resolved spectra characterizing each tryptophan 
residue appears to be satisfactory. This implies that 
tryptophan energy transfers between these residues 
are small. Our analysis allows us to conclude that the 
fluorescence titration observed in the pH range 3 9- 

8.0, affects only one of the residues, probably through 
a ground state interaction with a carboxylate anion. 
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