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Abstract. The fluorescence properties of ribonuclease 
labelled at its active site with N-(iodoacetylamino)- 
ethyl-5-naphthylamine-l-sulfonic acid have been 
studied at different temperatures and in the pres- 
ence of acrylamide. The rate constant for the 
quenching of the fluorescence of labelled ribo- 
nuclease by acrylamide is apparently not limited by 
the "accessibility" of the probe: similar values are 
obtained for the native and denatured states of the 
protein. Instead, acrylamide seems to be a rather in- 
efficient quencher of this fluorescent group ((acet- 
amidoamino) ethyl-5-naphthylamine- 1-sulfonic acid), 
as shown by non-linear Stern-Volmer representa- 
tions, biphasic decay kinetics, and a low value of the 
rate constant. 

The fluorescence intensity of the native state of 
the labelled protein is highly sensitive to tempera- 
ture and exhibits a 20% decrease for an increase of 
temperature of from 10 °C to 30 °C, independent of 
solvent viscosity. This thermal quenching is specific 
for the native conformation and disappears when 
the protein is unfolded. When the fluorescence life- 
time of the label is shortened by addition of acryl- 
amide, the effect of temperature becomes identical 
for native and unfolded structures. This suggests 
that the cause of the thermal quenching is the pres- 
ence of conformational fluctuations within the 
native protein which apparently take place in the 
time range from 35 to 200 ns. 
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Introduction 

Fluorescence efficiency depends on the relative rates 
of radiative and non-radiative deactivation pro- 
cesses. In the case of a fluorophore attached to a 
protein, the non-radiative processes can be related 
to (Cooper 1981): 

(i) the intrinsic properties of the fluorophore, 
such as intersystem crossing and internal conversion, 
which depend on its chemical nature and on its 
environment (polarity, dielectric constant, etc.) 

(ii) the transient events which occur during the 
lifetime of its excited state and are due to transient 
changes of its environment as provided by the 
protein and/or the solvent, such as collisions, 
forming or breaking non-covalent interactions, 
charge transfer, etc. 

Fluorescent groups have radiative lifetimes in 
the ns time range, and are thus convenient to 
monitor the rapid conformational changes of protein 
structure. 

AEDANS possesses a large radiative lifetime, 
around 30 ns (Hudson and Weber 1973), and there- 
fore its fluorescence will be affected by processes 
occurring in less than 100 ns and perturbing the ex- 
cited state. AEDANS can be covalently attached to 
the active site of ribonuclease (RNase) A (Jullien 
and Garel 1981), and its fluorescence may report 
movements of the protein structure in this fast time- 
range which arenot otherwise easily accessible. 

Abbreviations used: 1,5-IAEDANS, N-(iodoacetylamino)ethyl- 
5-naphthylamine-1-sulfonic acid; AEDANS, (acetamidoamino)- 
ethyl-5-naphthylamine-l-sulfonic acid; RNase, bovine pan- 
creatic ribonuclease; AEDANS-RNase, RNase labelled with 
AEDANS; ME-AEDANS, (hydroxyethylthioacetamido)ethyl- 
5-naphthylamine-l-sulfonic acid: the product of the reaction 
between 1,5-IAEDANS and /?-mercaptoethanol (Hudson and 
Weber 1973); Gu-HC1, guanidine hydrochloride 

Theory 

The fluorescence yield of a fluorophore A is given 
by (Parker 1968) 

kr 
F =  

k , . + k , r + k q [ Q ]  ' 
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where kr and knr are the rate constants for the radia- 
tive and non-radiative deactivation processes, and 
kq is the bimolecutar quenching rate constant of an 
added quencher Q, if any. This fluorescence yield 
can be written as the Stern-Volmer equation: 

F ,  
- v= 1 +kqTo[Q] = 1 + Ksv[Q] 
F 

where F0 and ~0 are the fluorescence yield and life- 
time of A in the absence of Q, and Ksv is the Stern- 
Volmer constant. 

The  simplest scheme for external quenching, 
which involves a diffusional encounter followed by 
deactivation, leads to a biphasic fluorescence decay 
(Gratton et al. 1984) 

F(t) =A1 exp ( -  t/T1) +A2 exp ( -  t/z2) 

but the Stern-Volmer equation can still hold for a 
mean lifetime defined as: 

A1 + A2 
~Z~ = Al +A2 Zl A1 +A2 z2. 

Materia ls  and methods  

Results  and discuss ion 

Fluorescence properties of the probe itself 

The intrinsic properties of the fluorescent probe 
alone markedly depend on the solvent polarity; its 
fluorescence lifetime decreases from 18.3ns in 
ethanol to 9.4ns in water (Hudson and Weber 
1973). Indeed, it was also found that the quantum 
yield of ME-AEDANS in ethanol is 1.8 times that in 
an aqueous solution of guanidine, after correction 
for the absorption coefficients and refractive in- 
dexes. 

The fluorescence intensity of ME-AEDANS does 
not change with temperature between 10 °C and 
30 °C when in aqueous guanidine solution, and it 
decreases slightly when in ethanol, by 5% over the 
same temperature range. In both cases, the presence 
of an external quencher, acrylamide, reduces the 
fluorescence intensity according to the Stern-Volmer 
equation (Fig. 1); the constant Ksv has a value of 
5.6 M -1 in ethanol and of 2.1 M -1 in 7.6 M guani- 
dine. Using values of z0 of 18.3 ns in ethanol and 
9.4 ns in aqueous solution, values of 3.1 x 10SM -1 s -1 
in ethanol and 2.2x 108M -1 s -~ in aqueous solution 
are found for kq, the rate constant for acrylamide 
quenching (one could have used only one lifetime 

The sources of materials and the preparation of the 
labelled derivative have been described previously 
(Jullien and Garel 1981); acrylamide was from 
BDH.A fluoresbent model compound was obtained 
by labelling fl-mercaptoethanol on its SH group with 
AEDANS, according to the Hudson and Weber 
(1973) procedure. The reagent 1,5-IAEDANS itself 
cannot be used to measure the properties of the 
isolated fluorophore because it decomposes spon- 
taneously to release iodine, whichperturbs  the 
fluorescence. 

Fluorescence intensities were measured with a 
Jobin-Yvon JY3 spectrofluorometer. Fluorescence 
decays and fluorescence anisotropy decays were 
measured by the single photoelectron counting 
method (Yguerabide 1972) with an apparatus pre- 
viously described (Brochon 1980). The excitation 
light pulse (1.8 ns measured fwhm) was synchrotron 
radiation generated by the electron storage ring 
ACO working at a frequency of 13.6MHz. The 
instrumental response function was measured with a 
scattering solution (LUDOX solution) at the emis- 
sion wavelength. The numerical values of relaxation 
times and amplitude factors were determined by 
non-linear least-squares procedures (Grinvald and 
Steinberg 1974; Wahl 1979) taking into account the 
measured instrumental response function. 
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Fig. I. Stern-Volmer representation of the quenching of the 
fluorescence of ME-AEDANS by acrylamide in ethanol (v) 
and in 7.5 M guanidine (v). Excitation wavelength: 350 nm, 
emission wavelength: 500 nm. Temperature: 10 °C 
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Fig. 2. Fluorescence anisotropy decay of 
native AEDANS-RNase at 10°C. Upper 
curves: experimental points ( . . . .  ) and cal- 
culated convolution ( ); a single exponen- 
tial with a time constant of 10ns and an 
amplitude of 0.30 is used; g(t) is the ap- 
paratus response function. Lower curve: de- 
viation function, Buffer: 50 mM cacodylate 
pH 6.5, Excitation wavelength: 380 iam, Emis- 
sion wavelength: 550 nm 
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t i m e  Ins  1 Fig. 3. Fluorescence anisotropy decay of 
AEDANS-RNase unfolded by 6M guani- 
dine hydrochloride. Upper curves: experi- 
mental points ( . . . .  ) and calculated con- 
volution ( ); the sum of 2 exponentials 
with time constants of 0.7 ns and 5.4 ns and 
amplitudes of 0.20 and 0.10 respectively is 
used; 9(t) is the apparatus response func- 
tion. Lower curve: deviation function. Other 
conditions as given in the legend of Fig. 2 

value, and assumed proportionali ty between quan- 
tum yields and lifetimes to derive the same values 
for kq). The ratio between the values of  kq found in 
the two solvents is the inverse of  that  between the 
viscosities of  these solvents, suggesting that diffu- 
sion of acrylamide is involved in the quenching 
process. However, the values of  kq are smaller than 
the ones expected for a free diffusion process, by at 
least one order of  magnitude.  Acrylamide can in- 
deed quench the fluorescent probe AEDANS by a 
collisional process, albeit  not very efficiently; in the 
case of  indole derivatives, the acrylamide quenching 
constant is about  7 x 109 M -1 s -I (Eftink and Ghiron 
1984), which approaches the limit of  diffusion con- 
trolled reactions. 

Fluorescence properties o f  A E D A N S - R N a s e  

The unique fluorescent probe of AEDANS-RNase  is 
attached to the enzyme active site and its fluores- 
cence properties depend upon the conformational  
state of the protein. In the native state, the fluores- 
cence shows a larger lifetime, a higher quantum 
yield, a lower m a x i m u m  emission wavelength, and a 
larger polarization than in the unfolded state; the 
AEDANS group appears  to be rigidly held in a 
hydrophobic  environment by the folded conforma- 
tion (Jullien and Garel  1981). 

Anisotropy decay measurements  using native 
AEDANS-RNase  show a single correlation t ime of 
10 ns (Fig. 2); extrapolation to zero t ime yields a 
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value of 0.30 for the limiting anisotropy, identical to 
that found for the model compound ME-AEDANS 
in glycerol. Therefore, the fluorescent group of 
native AEDANS-RNase has no movements other 
than those involving the whole protein. In the 
denatured state however, fluorescence anisotropy 
decays much more rapidly, with a correlation time 
of 0.7 ns for the major portion (Fig. 3). This indi- 
cates a marked increase in the freedom of the 
AEDANS group to reorientation. Nothing similar is 
observed with native AEDANS-RNase in the pres- 
ence of up to 1 M acrylamide: there is a single cor- 
relation time which increases slightly from 10 to 
12 ns (Fig. 4). 

Thermal quenching of the fluorescence 
of AEDANS-RNase 

Increasing the temperature from 10°C to 30°C 
leads to a decrease in the fluorescence intensity 
emitted by native AEDANS-RNase without signifi- 
cantly changing the maximum emission wavelength; 
this decrease is almost linear with temperature with 
a relative change of around 1% per °C (Fig. 5). This 
thermal quenching is unaffected by the presence of 
50% sucrose i.e. by an increase in the solvent vis- 
cosity. 

Under the same conditions of pH and tempera- 
ture the fluorescence of AEDANS-RNase unfolded 
by concentrated guanidine does not appreciably 
change (Fig. 5). 

The fluorescent probe by itself shows no signifi- 
cant thermal quenching whether in ethanol or 
aqueous solution (see above), therefore thermal 
quenching is not related to environment polarity 
alone. It is rather the presence of a folded protein 
structure around it which makes the fluorescence of 
the AEDANS group so sensitive to temperature. 
The origin of this thermal quenching could thus be 
due to rapid movements of the protein structure 
around the fluorescent probe occurring during the 
lifetime of its excited state, the rate of these move- 
ments being temperature dependent (Cooper 1981). 

Quenching of AEDANS-RNase by acrylamide 

The addition of acrylamide to AEDANS-RNase 
decreases its fluorescence intensity without changing 
its maximum emission wavelength. In order to avoid 
the influence of static (non-collisional) processes, 
acrylamide quenching has been measured by fluores- 
cence lifetimes instead of fluorescence intensity; the 
emission wavelength was 550 nm, at the red edge of 
the spectrum to favour homogeneous emission 
(Hudson and Weber 1973). 

The fluorescence decay of native AEDANS- 
RNase follows a single exponential, with a lifetime 
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Fig. 4. The correlation time, zc, of native AEDANS-RNase as 
a function of acrylamide concentration. Temperature: 10 °C. 
The slight increase in z c is due to the increase in solvent 
viscosity 
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Fig. 5. Effect of temperature on fluorescence intensity of 
native (A) and guanidine unfolded (e) AEDANS-RNase. 
Intensities are expressed relative to that measured at 10 °C for 
the same sample (native or unfolded). Buffer is 50mM 
cacodylate, pH 6.5, in the absence or presence of 6 M guani- 
dine hydrochloride. Protein concentration is 10 .5 M. Excita- 
tion wavelength: 350 nm, emission wavelength: 476 nm 

of 18 ns. Upon addition of acrylamide, this decay 
becomes biphasic (Fig. 6), and the relative ampli- 
tude associated with the faster phase increases with 
the quencher concentration (Table 1). Several argu- 
ments suggest that AEDANS-RNase remains native 
in the presence of acrylamide: 

(i) its maximum emission wavelength remains 
unchanged; 
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Fig. 6. Fluorescence decays of native 
AEDANS-RNase in the presence of dif- 
ferent concentrations of acrylamide. Buffer 
is 50 mM cacodylate, pH 6.5, 10 °C. Pro- 
tein concentration is 5" 10-6M. Excita- 
tion wavelength: 380 nm, emission wave- 
length: 550 nm 

A 
t-- 
V 

\ 
A 

t_  o 

V 

/ 

/ 
/ 

/ 
• J<> 

I I 
O . 5  1 

a c r y l a m i d e  c o n c e n t r a t i o n  [M] 

Fig. 7. Stern-Volmer representations of the quenching of the 
fluorescence of AEDANS-RNase by acrylamide; (~1,) native 
protein, (~) protein unfolded by 6.2 M GuHC1. Conditions as 
given in the legend of Fig. 4 
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Fig. 8. Effect of temperature on fluorescence intensity, in the 
presence of 0.9 M acrylamide, of native (v) and unfolded ( .)  
AEDANS-RNase. Conditions as given in the legend of Fig. 5, 
except for protein concentration which is 4 • 10 -6 M 

(ii) the fluorescence anisotropy decay shows no 
increase in the mobil i ty  of  the AEDANS group 
(Fig. 4); 

(iii) unmodif ied RNase  is enzymatically active 
in the presence of  0.8 M acrylamide. 

The biphasic fluorescence decay is apparently 
not due to a partial  acrylamide-induced denatura- 

tion of AEDANS-RNase ;  rather, such a pattern is 
expected in the case of  an inefficient quencher 
(Grat ton et al. 1984). Also expected is the downward 
curvature of  the Stern-Volmer plot of  the mean 
lifetime (z )  (Eftink and Ghiron 1981) (Fig. 7). 

The reciprocal of  the quench!ng rate constant, 
kq, varies linearly as a function of quencher concen- 
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Table 1. Fluorescence decay parameters of AEDANS-RNase 
in the presence of acrylamide 

Acrylamide z 1 ~2 
concen- 
tration 
[M] [ns] [ns] 

A1/AI+A2 (z) Z a 

[ns] 

0.17 6.0 12.3 0.24 i0.8 2.7 
0.34 5.2 10.6 0.45 8.2 2.4 
0.55 4.7 9.0 0.52 6.8 3.4 
0.82 3.4 7.6 0.49 5.6 2.8 
1.04 3.2 7.9 0.64 4.9 2.3 

X is the classical criterion for fitting experimental curves 
(Grinvald and Steinberg 1974) 

tration between 0.2M and 1M; extrapolation 
of  k~ l tO 0M acrylamide yields a value of 
2.4x 108M -J s -l for the initial slope of the Stern- 
Volmer plot (Gratton et al. 1984). 

Acrylamide also quenches the fluorescence of 
AEDANS-RNase unfolded by concentrated guani- 
dine; the Stern-Volmer plot is almost linear in this 
case (Fig. 7), and corresponds to a quenching rate 
constant of 1.3xl08M-~s -l. Measurements per- 
formed at 4.5 M and 6.9 M guanidine show that kq 
depends on the viscosity of the solvent; after cor- 
recting for the viscosity of the concentrated guani- 
dine, the quenching rate cons tant  kq becomes 
2.3x 108M -I s -~. The rate constants of acrylamide 
quenching are thus quite similar for the native and 
unfolded states of AEDANS-RNase. 

Quenching of the fluorescence of AEDANS-RNase 
by temperature and actTlamide: internal and external 
quenching 

In the presence of 0.9M acrylamide, the fluores- 
cence intensities emitted by both native and un- 
folded AEDANS-RNase are temperature dependent 
(Fig. 8). The extent of quenching is expected to 
depend on temperature via kq, which reflects the 
collisional step of acrylamide quenching; processes 
which are rate-limited by the diffusion through the 
solvent usually have activation energies of 4 to 
5 kcal/mole (Fenichel and Horowitz 1965). Such a 
value is indeed sufficient to account for the tem- 
perature-dependence of AEDANS-RNase fluores- 
cence given in Fig. 8, as if acrylamide diffusion 
through the solvent were the temperature sensitive 
step. In the presence of.0.9 M acrylamide, the mean 
fluorescence lifetimes of native and unfolded 
AEDANS-RNase are similar, 5.4 ns and 5.2 ns re- 
spectively; these two states also show the same tem- 
perature dependence, as if the particular thermal 
quenching of the native protein (Fig. 5) was sup- 

pressed by the presence of acrylamide. Assuming 
that the protein structure is not perturbed by acryl- 
amide (see above), this loss of thermal quenching 
can be explained by the shorter lifetime: in the 
presence of an external quencher, the activated state 
does not last long enough to be sensitive to the 
fluctuations of its environment. 

The radiative lifetime of AEDANS is about 
30 ns (Hudson and Weber 1973) and is not expected 
to vary with temperature. The fluorescence lifetime 
of native AEDANS-RNase being 18.3 ns, in the 
absence of quencher, the global rate constant k,r of 
all the non radiative processes (see Theory) is about 
2 .5x107s  -1. Assuming that the observed fluores- 
cence intensity decrease with temperature (Fig. 5) 
represents a decrease in fluorescence lifetime, there 
is therefore a significant effect of temperature on 
one of the processes included in knr. The rate con- 
stant of this process is thus a non-negligible part of 
knr. The presence of 0.9 M acrylamide results in an 
additional quenching with a rate  ]Co [Q] = 13 x 107 s-l, 
i.e. larger than k,r. The rate of the temperature- 
dependent non-radiative process has now become a 
negligible part of the sum, k,r + kq [Q] = 15.5 x 107 s-l; 
with an arbitrary limit of "negligibility" of 20%, this 
rate is smaller than 3x107s -~ and larger than 
0.5 x 107 S - l ,  i.e. it corresponds to a time constant 
between 35 ns and 200 ns (these limits are only 
indicative). It is possible that this peculiar tempera- 
ture-dependent process is due to conformational 
fluctuations of the immediate environment of the 
fluorophore (Cooper 1981). These fluctuations ap- 
pear to be one order of magnitude slower than the 
process involved in the ability of acrylamide to 
quench the fluorescence of the protein (1/kq[Q] 
= 8 ns at 0.9M acrylamide); further resolution of 
these effects will depend upon a more detailed 
knowledge of the molecular mechanism of the 
quenching. 

Conclusion 

Acrylamide is not an efficient quencher of the 
fluorescence of the AEDANS group; this can be 
seen from the non-linear Stern-Volmer plots (Fig. 7), 
the biphasic decay curves (Fig. 6), and the low 
values of kq, the quenching rate constant, ca. 
2x 108M -1 s -1. Thus the rate of quenching does not 
only reflect the rate of collision between the quencher 
and its target, but also the low probability that such 
a collision leads to actual quenching; kq does not 
strictly measure the "accessibility" of the fluoro- 
phore as defined by the probability of encounter, 
and therefore finding similar values of kq for the 



native and unfolded states of  AEDANS-RNase  does 
not show a similar degree of  exposure to solvent. 

The native conformation of AEDANS-RNase  
shows a peculiar thermal quenching (Fig. 5) which 
disappears either upon shortening its fluorescence 
lifetime with acrylamide (Fig. 8) or unfolding its 
conformation with guanidine (Fig. 5). A possible 
explanation is that  the vicinity of  the AEDANS 
group in the native state fluctuates and/or  moves 
during the lifetime of the excited state and in- 
fluences its deactivation; the efficiency of this 
quenching would depend on the relative rates of  
deactivation of the f luorophore and fluctuations of  
its protein environment. F rom the values of  the life- 
times in the absence, 18.3 ns, and the presence, 
5.4 ns, of  external quencher, one can estimate that 
these fluctuations in the active site of  RNase  are in 
the t ime range from 35 to 200 ns. 
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