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Abstract. The fluorescence life-time of N-acetyl-tryp- 
tophan-amide (NATA) was measured by multifrequency 
phase fluorometry, in the presence of increasing concen- 
trations of imidazole. Two pH values were tested, pH 4.5 
where imidazole is fully protonated and pH 9.0 where it 
is fully unprotonated. At both pH values, the inverse life- 
time increases in a non-linear way with the imidazole 
concentration, showing that imidazole is not a high effi- 
ciency collisional quencher. The data can be analysed in 
terms of the formation of a complex with a reduced fluo- 
rescence life-time. The rate constants for association (at 
25°C) are around 5 (_+0.2) x 109 M -1 s -1 and are thus 
diffusion controlled. The association equilibrium con- 
stant is strongly pH dependent and is much higher than 
the expected value of 0.4 M - 1 for a collisional complex. 
The intrinsic fluorescence life-time of the complex is 
1.56 (+0.02) ns at pH 9.0 and 1.82 (_+0.03) ns at pH 4.5, 
as compared to 2.37 (+0.03) ns for free NATA at pH 9.0 
and 2.83 (4-0.05) at pH 4.5 (all at I=0.34). This means 
that at both pH values the fluorescence life-time of NATA 
in the complex is reduced to 61 (+ 0.5)% of its value in the 
free state. Despite this, the protonated form of imidazole 
is a better quencher at low concentrations, owing to a 
longer residence-time of the complex. At high viscosity 
the association equilibration is too slow and the system is 
described by two life-times. The quenching effect of His- 
18 on the fluorescence of the proximal Trp-94 of barnase 
(Loewenthal et al. 1991, Willaert et al. 1991) is discussed 
in terms of these findings. 
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Introduction 

Fluorescence spectroscopy (stopped flow) has been used 
extensively for the study of the time dependence of con- 
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formational changes in proteins. The conformational 
changes can be subtle, for example those occurring upon 
interaction with other molecules (effectors, substrates, in- 
hibitors, nucleic acids etc.) or upon a change in the solu- 
tion conditions (pH, ionic strength, hydrophobicity), or 
more dramatic upon protein unfolding and refolding. 
Usually the fuorescence changes are only used as a prag- 
matic tool to detect the changes, but an interpretation at 
the molecular level is not available. This will become 
possible when the factors in the protein environment 
which determine the fluorescent properties of the probe in 
use (e.g. tryptophan) are known. A detailed study of single 
tryptophan proteins and their mutants should allow the 
characterisation of the salient features. The same is true 
for multi-tryptophan proteins provided the fluorescent 
life-times can be resolved and attributed to individual 
tryptophans, and a correlation with their environment 
can be made. A nice example is lactate dehydrogenase 
from Bacillus stearothermophilus, where the life-times 
could be assigned to individual tryptophans but no corre- 
lation with the protein environment could be made 
(Waldman et al. 1987). 

The multiple life-times found for Trp in solution, as 
distinct from the single life-time found for NATA, indicate 
the importance of the presence of - C O O -  and -NH~- 
groups in close proximity to the indole group (Szabo and 
Rayner 1980 a, b). Although NATA is the best model com- 
pound for a Trp residue in a protein, the same groups can 
be present as side chains from other amino acids or from 
the terminal amino acid residues. Other side chains may 
also be of importance. Here we studied the effect of the 
protonated and unprotonated imidazole group, the side 
chain of histidine. This work is inspired by the study of 
the pH dependence of the steady state fluorescence of 
barnase. This pH dependent fluorescence shows a pKa 
corresponding to His-18 (Loewenthal et al. 1991). A mul- 
tifrequency phase fluorometric study (Willaert et al. 1991) 
revealed that the life-time of Trp-94 was influenced by the 
presence of this residue. Here we studied the fluorescence 
life-time of NATA in the presence of increasing concentra- 
tions of imidazole, in the protonated and unprotonated 
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state. We observed a non-linear increase of the inverse 
life-time, pointing to the appearance of a fast parallel 
decay pathway through the formation of an initial colli- 
sion complex with the excited state and the subsequent 
decay of the complex to the ground state. The pH depen- 
dence of the effect brings new insight in the pH depen- 
dence of the tryptophan fluorescence of barnase. 

Material and methods 

the fluorescence decay in the time domain l ( t )  by means 
of the following equations: 

I (t) = Z i a i exp ( -  t /z  i) (1) 

l(t) is the time dependent intensity, ai is the amplitude of 
the fluorescence signal of the component with life-time zi. 

tan (~ (0)) = S (0))/G (0)) (2 a) 

where: 

NATA was purchased from Sigma, imidazole from Janssen 
Chimica and both were analytical grade. Scintillation 
grade 1,4 diphenylbenzene was obtained from Sigma. 

At pH 4.5 acetate buffer was used. Since imidazolium 
contributes to the ionic strength, it was kept constant 
with additional NaC1 to 0.34 and 0.5 M. At pH 9.0, Tris 
buffer was used at ionic strengths of 0.1 and 0.34. 

A fully automatic multifrequency phase fluorometer 
was built for the determination of fluorescence life-times 
(Clays et al. 1989). The excitation source consists of a 
mode-locked cavity-dumped dye laser and a frequency 
doubler to obtain light of 295 nm. The output is a train of 
pulses of about 20 ps width and a frequency of 0.4 MHz. 
Fourier analysis shows that such a periodic function con- 
tains the basic frequency of 0.4 MHz and all its harmonics 
up to several hundreds of GHz. The emission part con- 
sists of a monochromator  and a fast photomultiplier. For 
the sample a UV sensitive model Philips XP2020 was 
used and for the reference an RCA model 1P28. The gain 
of the PM is modulated with a chosen harmonic plus a 
small increment of 700 Hz (cross-correlation). The output 
of the PM is the product of the periodic fluorescence 
signal and the modulation function. From this product 
the 700 Hz term is filtered and phase measurements are 
done at this low frequency. The frequency synthesisers 
used to drive the mode locker and to modulate the photo- 
multiplier gain are coupled to the same crystal to improve 
the phase stability. In this way the value of the phase-shift 
can be read out within a short measurement time (about 
14 min), enabling one to collect data at many (50) modu- 
lation frequencies. Since the phase shift can be measured 
with greater accuracy than the demodulation, the time 
spent for the measurement is fully used for phase mea- 
surements. Detailed statistical techniques are used in the 
data analysis for phase fluorometry. Mean, standard devi- 
ation and percentage in the interval ( - 2 ,  + 2) of the 
weighted residuals are compared with the predicted val- 
ues of 0, 1 and 95.5 respectively. An additional quality of 
fit, the so-called Q-value is also calculated (Clays et al. 
1989). The autocorrelation function of the weighted resid- 
uals and a plot of these residuals as a function of the 
calculated phase shift are used as additional visual tests in 
the data analysis. Data reduction is performed on a Micro 
Vax 2000 minicomputer using a non linear least-squares 
algorithm (Bevington 1969). Global analysis has been 
helpful in the resolution of difficult systems with closely 
spaced life-times and/or small contributions of some 
components. (The algorithm used is the modified Leven- 
berg-Marquardt algorithm of More et al. 1983.) 

The measured quantities for a set of modulation fre- 
quencies (0)) are the phase shifts q5 (0)). These are related to 

S(0)) =E~ f~ " cos~i • sin4~i 

G (0)) = Z~ f<  cos2~.  

Furthermore: 

c o s ~ i = l / ( l + o )  2. ~2) and 

(2 b) 

(2c) 

s in~,=0)  zi/(1 + o  z. ~2) 

(2d) 

S(0)) and G(0)) are the sine and cosine Fourier transforms 
of I (t), and f~ the steady state contribution of the compo- 
nent with phase shift ~i(f~ = a i ' z i ) .  

Phase measurements were performed at 25°C in a 
thermostated cuvette. The excitation wavelength was 
295 nm and the emission was monitored at 340 nm. 1,4 
diphenylbenzene was used as a reference, with a life-time 
of 1.04 ns (Desie et al. 1986). 

Results and discussion 

The result of a typical phase measurement of NATA at 
0.03 M imidazole, pH 4.5, I =0.34 is shown in Fig. 1. The 
phase data can be fitted very well with a single life-time, 
in agreement with other studies on NATA (Szabo and 
Rayner 1980b). No improvement is obtained when the 
data are fitted to a sum of two or more life-times. The 
results of phase measurements and their analysis for a 
whole set of imidazole concentrations at two pH values, 
and different ionic strengths, are shown in Figs. 2 and 3. 
The inverse of the observed life-time (kobs) is plotted 
versus imidazole (imidazolium) concentration. The non- 
linearity of the plot proves that imidazole is not an effi- 
cient collisional quencher. The following scheme is pro- 
posed: 

T * + I m  k, , T * .  I m  
k-1 

T + I m  , T . I m  

in which T and T* symbolize NATA in the ground state 
and the excited state respectively, I m stands for imidaz- 
ole, and T *  • I m  for the complex, k I is the association rate 
constant of T* and Ira, k_ 1 the dissociation rate constant 
of the complex, k o is the inverse of the fluorescence life- 
time of NATA and k z of the complex T * .  Ira. Such a 
scheme leads to the following two rate equations assum- 
ing a 6-pulse excitation. This implies irreversible fluores- 
cence decays and allows the neglect of the ground state 
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Fig. 2. I n v e r s e  l i f e - t ime  (kobs)  of  N A T A  as a f u n c t i o n  o f  the  i m i d a z -  
o le  c o n c e n t r a t i o n  at  p H  4.5, (A-~)  wi th  1 = 0 . 3 4  a n d  ( v - v )  I = 0 . 5 .  
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equil ibration:  

d[r*] /d t=-ko[r*] -k l [ Im][T* l+k_ l [T*  . Im] (4) 

d [r* . Im]/dt= - k  2 [r*. Im] +kl [Im] [r*] 
--k_ I[T* .Im]. (5) 

Since the f luorescence of both states is a lways measured  
together,  the two  equat ions  can be summed.  This leads to 
(6): 

d {[T*]+[T* .Im]}/dt= - ko[T*] -k z [T*  .Im]. (6) 

D e p e n d i n g  on the relative values of  the rate constants  
three s i tuat ions  can be envisaged: 

Fig. 1. Phase measurements of NATA at 
0.03 M imidazole, pH=4.5, I=0.34, and 
graphical tests incorporated in the data 
analysis. Plotted are the measured phases 
and weighted residuals as a function of the 
frequency and the autocorrelation function 
of the weighted residuals. The fitting and 
quality of fit parameters are: reduced chi- 
square Z~=0.985; the standard normally dis- 
tributed Zz2=  -0.603; quality parameter 
Q =0.60; single life-time z = 2.237___0.003 ns 
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Fig. 3. Titration of NATA with Imidazole at pH 9.0 (o -o )  with 
I=0.34 and (m-u) at I =0.5. The continuous line is the fitted curve 
using (9). The parameters obtained are shown in Table I 

1) A fast equilibrium between the two excited states 

A s s u m i n g  that T* and T*. Im are in fast equi l ibrium 
with each other with equi l ibrium constant  K: 

K = [ T * '  Im]/[T*]. [Irn] 

equat ion  (6) can be rewritten: 

d {[T*] + [ T *  • Im]}/dt= 

- { I T * ] + [ T *  .Im]} {k°+k2" K.[Im]} (7) 
(1 + K .  Fm]) 
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Table 1. The parameters (upper number) and their standard devia- 
tion (lower number) obtained by fitting the data of Figs. 2 and 3 to 
(8) i.e. k o, k 2 and K (except those marked *). The same data were 
fitted with (9) giving parameters ko, k2, k 1 and k_ 1. * The phase 
data at high viscosity are analysed differently. Two fluorescence 
life-times could be resolved when the amplitude fractions were of 
comparable magnitude. At the extremes of the imidazole concentra- 
tions, resolution is more difficult. Therefore the phase data were 
fitted to a single (average) life-time and k o and k 2 were obtained as 
before. All the phase data were then fitted to a sum of two exponen- 
tials with these two rate constants and the best fitting amplitudes 
(and steady state fractions) were calculated. The equilibrium con- 
stant K is obtained from fitting the steady state fraction of the 
longest life-time to (10). ** Fitting to (9) gives a well defined kl/k_ 1 
but ill defined individual parameters diagnostic of a high k_ 1 value. 
Therefore the fitting was repeated with k~ = 5.0 x 10 9 M-1 s-1 and 
the other parameters free. In this way it is assumed that the rate 
constant for diffusional encounter is the same at high and low pH 

pH 4.5 pH 4.5 pH 4.5 pH 9.0 pH 9.0 
1 0.5 1 0.34 1 0.34 1 0.1 1 0.34 

50% gly 

k 0 (ns- 1) 0.349 0.349 0.278 0.425 0.422 
0.006 0.006 0.002 0.001 0.003 

]~2 (ns 1) 0.560 0.576 0.682 0.704 0.682 
0.009 0.009 0.016 0.010 0.013 

K (M- 1) 29.8 25.8 10.2" 5.12 7.39 
4.9 3.7 0.1 0.37 0.88 

k o (ns- 1) 0.353 0.353 0.425 0.422 
0.001 0.003 0.002 0.002 

k 2 (ns- 1) 0.534 0.549 0.677 0.639 
0.002 0.006 0.010 0.011 

k 1 (M -1 ns -1) 4.85 5.16 5.0 5.0 
0.36 1.12 ** ** 

k_ 1 (ns - 1) 0.047 0.073 0.67 0.37 
0.009 0.035 0.06 0.05 

giving an observed decay constant kous: 

{k0 + k2 '  K .  [I ml} 
kob s = (8) 

(1 + K .  [Im]) 

Using this equation, a very good fit to the data could 
be obtained by non-linear least squares fitting using 
SigmaPlot ~. The parameters  obtained and their errors 
are given in Table 1. 

2) Coupled excited-state reactions 

A set of coupled differential equations (such as 4 and 5) 
has been solved very generally (e.g. Bernasconi 1976, 
p. 26) and leads to two rate constants 2 ± =eigenvalues): 

2+- = Z q -N/Z  2 -  k 2 k a [I m ] -  ko (kz + k_ l ) (9a) 

with 

X=(ko +k  1 . [Im]+kz +k_~)/2 (9b) 

Although two decay constants (2 ± )  are predicted, we 
only observed one. A perfect fit could be obtained with 
the smallest rate constant ( 2 - ) .  We therefore assume that 
the highest rate constant (2+)  has a small amplitude 
which makes it difficult to determine by phase fluorome- 

try. (A simulation of a double exponential decay with 2 -  
and 2 + as rate constants, equal amplitudes, and added 
experimental noise was made. Analysis by our program 
showed that the recovery of the two rate constants was 
possible in these conditions). The results of the fitting are 
shown in Figs. 2 and 3 and the parameters  are found in 
Table 1. 

3) Excited state heterogeneity 

If  the equilibration of the association equilibrium is slow 
compared to the fluorescence decay rates, (4) and (5) are 
limited to their first terms, and lead to a fluorescence 
decay described by a sum of two exponentials with ko and 
k 2 a s  rate constants. The ratio of [T] to [T.  Im] is con- 
trolled by the ground state equilibrium constant. The 
same is true for the initial concentrations of the excited 
states and consequently for the steady state amplitudes. 

IT*]~(IT*] + [T* .  I m]) = [T]/([T] + [T. I m]) 

= 1/(1 + K .  [Im]) (10) 

This situation is approached here by adding 50% (w/w) of 
glycerol to increase the viscosity to 5 cp. Here indeed the 
fitting of the phase data can be strongly improved by 
using two life-times. The results of the phase measure- 
ments at p H  4.5, I=0 .34 ,  0.05 M imidazolium at high 
viscosity are shown in Fig. 4 and the two life-times are 
given. The resolution at more extreme amplitude ratios is 
more difficult. Therefore the weighted average life-time is 
calculated at each imidazole concentration by fitting to a 
single life-time. These results show again a hyperbolic 
behaviour. With the two extreme inverse life-times calcu- 
lated from this curve, the amplitude and steady state frac- 
tions are calculated at the different imidazole concentra- 
tions. The imidazole-concentration dependence of the 
steady state fraction of the longest life-time is shown in 
Fig. 5 and the fitting to (10) gives the association constant 
found in Table 1. 

The two methods of analysis give an almost perfect 
agreement for k0, and k2. It  should be noted that the ratio 
ko/k2=0.61 (+_0.01) for all the measurements,  except at 
high glycerol concentration, where it is 0.407. This indi- 
cates that, with the mentioned exception, the same mech- 
anism is operative at both  p H  values. The effect of differ- 
ent ionic strength is very limited. 

The value for kl obtained at low p H  is about  
5 (+0.2) x 109 M -1 s -1, which is very close to the theo- 
retical maximal  value of 9 x 109 M -  1 s -  1 at 25 °C and in 
water. 

The fitting of the data at high pH with (9) gives rise to 
ill defined values of k 1 and k_ 1, al though their ratio is 
well defined. (This is indicative of a high k_ 1 value, see 
further). We therefore constrained the fitting procedure 
with kl = 5.0 x 1 0  9 M -  1 s -  1, which seems reasonable 
since there is no reason why association should not be 
diffusion controlled at high p H  as it is at low pH. 

Despite the similar quality of the fitting by both equa- 
tions, the equilibrium constants K 1 obtained by (9) are 
between 3.4 (low pH) and 1.4 (high pH) times higher than 
the constant K obtained from fitting to (8). This can be 
easily understood since it can be shown from the deriva- 
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Fig. 5. Analysis of the phase measurements at high viscosity. The 
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zolium concentration. The data are fitted with a simple binding 
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tained for K is 10.2+0.1 M -1 

tives of (8) and (9) in the origin, that 

{d(2-)/d[Iml}ti,.]=o=k~(k2-ko)/(k2-ko+k_l) (11) 

{dkobs/d [I m]}[rm] = o = K (k 2 -- k o) (12) 

K=kl/(k2-ko +k_t) (13) 

i.e. K is comparable  to a Michaelis-Menten constant. 
These equations also prove that when k_ 1 is high, only 
the ratio k l / k  1 is determined. 

The values of the association equilibrium constant of 
the first step (Kt)  are much higher than the value 
(0.4 M-1 )  calculated for a collisional complex between 
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1000  

1000 

Fig. 4. Phase measurements of NATA at 
0.05 M imidazole, pH=4.5, I=0.34 M and 
50% (w/w) glycerol. Plotted are the measured 
phases and weighted residuals as a function of 
the frequency and the autocorrelation function 
of the weighted residuals. The fitting and qual- 
ity of fit parameters are: reduced chi-square 
Z~=0.842; the standard normally distributed 
Zz2= - 1.908; quality parameter Q =0.88. 
Two life-times are observed: ~1 =2.9225 
+ 0.050 ns amplitude fraction = 0.56 _+ 0.11, 
z 2 = 1.484_+ 0.15 ns 

imidazole (radius = 2.1/~) and t ryp tophan  (radius = 3.3 ~) 
(Strehlow and Knoche 1977). Stacking of the two ring 
systems could be the reason for this affinity. Fur thermore  
it is clear that complex formation in acid medium is much 
stronger than in basic medium, possibly due to additional 
H-bridges, induced dipole or charge transfer effects by the 
protonated imidazole. 

The effect of glycerol is to slow down the association 
equilibrium giving rise to an heterogeneous system with 
two well definable life-times. An effect of glycerol as sol- 
vent on the fluorescence process itself is apparent  in 
slightly different k o and k 2 values and their different ratio. 
The stability of the initial complex, as calculated from the 
concentration dependence of the amplitude ratio, is about  
7 times smaller than its value (K1) in the same conditions 
without glycerol. This proves that glycerol slows down 
the association and dissociation rate constants to a differ- 
ent extent. 

The different life-times obtained for Trp in contrast  to 
the single life-time for NATA prove the importance of the 
presence of charged groups in the immediate neighbour- 
hood of the indole ring (Szabo and Rayner 1980a, b). 
While NATA is the best model for a Trp residue in a 
protein, the side chains of the other amino acids may 
provide quenching interactions. When the fluorescence of 
the three Trp protein barnase and its mutants  (Loewen- 
thal et al. 1991; Willaert et al. 1991) was studied another  
important  side chain was encountered: the imidazole 
ring. Trp-94 is strongly quenched by this group in a pH-  
dependent way, with the most  pronounced effect at low 
pH. It  is therefore rather surprising to see that in the 
solution study the ratio of the fluorescence life-time of the 
complex to the life-time of free t ryp tophan  (0.61 _+ 0.01), is 
independent of pH. Nevertheless the protonated form is a 
better quencher because the complex has a longer resi- 
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dence-time (lower k_ 1 ) and therefore has a greater chance 
to emit from the complexed state. 

The higher efficiency of quenching at low p H  in bar- 
nase indicates that  either; 

(i) another  mechanism is responsible for the quench- 
ing. Although the fluorescence follows exactly the pka of 
His-18, it should be noted that the orientation of the two 
side chains in barnase is almost certainly different from 
the situation in solution. 

(ii) the dynamics of the protein also allow for the estab- 
lishment of a kind of association-dissociation equilibri- 
um, with a more pronounced association in the protonat-  
ed state of His-18. A molecular dynamics trajectory (with 
unprotonated  imidazole) proves the frequent contact be- 
tween the side chain atoms of the two residues (Van Belle 
et al. 1985). Such a phenomenon may also lead to life-time 
heterogeneity: if the protein allows for two more slowly 
interconverting conformational  states with a sufficient 
change in the Trp-Itis distance, two life-times could de- 
velop. 

The present empirical approach demonstrates that the 
effect of imidazole is not just a simple collisional quench- 
ing, but a facilitation of the fluorescence decay by com- 
plex formation. We hope that these results will allow the 
theoretical photophysicists to deduce the nature of the 
mechanism that leads to the reduced life-time. 

The results obtained here suggest the possibility to 
study other side chain groups of amino acids as possible 
quenchers for Trp fluorescence. Possible candidates are 
the negative charges of Glu and Asp and the positive 
charges of Lys, Arg, and the heavy - S H  groups. The 
importance of these groups, including the imidazole 
group, was suggested by Bushueva et al. (1974, 1975) on 
the basis of steady state fluorescence measurements  but 
no life-time studies were performed. 

In papain, related proteins and some small peptides a 
correlation was observed between the steady state fluo- 
rescence and the ionization of an His residue by Shinitzky 
and Go ldman  (1967). 
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