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The dipolar relaxation process induced around tryptophan, indole and tyrosine in viscous media, as
well as in several single tryptophan-containing proteins (staphylococcal nuclease, ribonuclease T1,
melittin and albumin), has been studied by dynamic fluorescence measurements. A new theoretical
model has been developed, including the relaxation dynamics directly in the fluorescence decay
function. The phase shift and demodulation data have been fitted with this new algorithm which allows
to resolve the different relaxation times influencing the fluorophore excited state. These parameters are
in a good agreement with those measured with the traditional time-resolved emission spectroscopy.
The results indicate that indeed a correlation exists between the radiative rate change obtained with
the new model and the temporal spectral shift reported in the literature. Finally, this new approach
has also been extended to the case of superoxide dismutase and phosphofructokinase, allowing to
measure the relaxation time even in proteins lacking a temporal spectral shift during the fluorphore’s
lifetime.
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INTRODUCTION

Tryptophan fluorescence is extremely sensitive to
the surrounding microenvironment. Such peculiar feature
makes this intrinsic chromophore of proteins a very suit-
able probe to investigate both structural fluctuations and
conformational changes of these macromolecules in so-
lution [1]. Tyrosine fluorescence is also widely used in
protein spectroscopy, especially in the absence of trypto-
phan residues [2]. Generally protein fluorescence is char-
acterized by a complex, multi-exponential function or by
a continuous distribution of lifetimes. This heterogeneity
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has been ascribed to the different environments provided
by the protein matrix around its intrinsic chromophores.
Complex fluorescence decays in single-tryptophan con-
taining proteins might have at least two possible expla-
nations: static heterogeneity, due to different ground state
conformations and dynamics processes that affect the ex-
cited state of the aromatic ring. An ideal experiment that
allows to distinguish static heterogeneity from dynamic
heterogeneity would be the recording of the fluorescence
decay of one single macromolecule. Although a few mea-
surements of this kind have been reported in literature [3],
at present the recording of the intrinsic fluorescence decay
from a single protein is difficult to achieve due to photo-
bleaching effects. If in the future such experiments will

ABBREVIATIONS: NATA, N-acetyl-L-tryptophanamide; TRES,
time-resolved emission spectroscopy; HSA, human serum albumin;
RNAase-T1, ribonuclease T1; PFK, phosphofructokinase; HSOD, hu-
man superoxide dismutase.
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reveal that even the fluorescence decay of a single pro-
tein is heterogeneous, new fitting models will be required.
These models will have to take into account the confor-
mational dipolar re-arrangements around the excited flu-
orophore during its lifetime. This relaxation process is
indeed assumed to be induced by the fast increase of the
probe dipolar moment upon excitation from the ground to
the excite state [4].

Similar events generally produce a time dependent
red-shift of the fluorescence spectrum (known as spectral
relaxation) and an increase of the fluorescence lifetime
at longer emission wavelengths [1]. Both steady state
and dynamic fluorescence parameters are expected to
be influenced by dipolar relaxation [5–7]. The detection
of such phenomena is obviously dependent on the time-
course of the relaxation process. While aqueous buffers
relaxation is usually fast (tens of picoseconds or less),
re-orientation of protein polar residues spatially close
to the emitting species is expected to occur in the same
range of proteins’ intrinsic fluorescence lifetime, i.e. from
sub-nanoseconds to nanoseconds [8]. This condition is
usually satisfied for fluorophores in viscous solvent [1],
micelles [9], liposomes [10–11] and membranes [12]. In
these systems the decay rate may be, therefore affected
by relaxation processes. A complex fluorescence decay
may be also displayed by single tryptophan (or tyrosine-)
containing proteins in “single molecule” experiments,
since the relaxation could produce a modification of the
emission photon probability from the excited state of the
fluorescence probe.

In a previous paper [13] we have proposed to fit the
fluorescence decay of single tryptophan proteins with a
new mathematical model intrinsically containing the dipo-
lar relaxation effect of the aminoacidic residues surround-
ing the excited fluorophore. Despite the probabilityλ of
spontaneous emission was assumed to be time-dependent,
no distinction was made between the radiativeKF and no
radiativeKN decay rates.

In this study we have extended the model to the gen-
eral case of independently time-dependentKF and KN

functions. The new model has been tested on experimen-
tal data and the results compared (when possible) with
those obtained with the traditional methodologies used to
study the spectral relaxation effects.

EXPERIMENTAL SECTION

Materials

Indole (99+%), spectrophotometric grade glycerol
and propylene glycol were purchased from Aldrich, Merk
and Fluka, respectively.

N-acetyl-L-tryptophanamide (NATA), L-tyrosine,
human serum albumin (HSA), honey bee venom melit-
tin, ribonuclease T1 (RNAase-T1 fromaspergillus oryzae)
and phosphofructokinase frombacillus stearother-
mophilus(PFK) were purchased from Sigma.

Human superoxide dismutase (HSOD) was purified
from human erythrocytes [14]. Staphylococcal nuclease
was a generous gift from Dr. Gianfranco Gilardi (Imperial
College, London).

Methods

Dynamic fluorescence measurements were per-
formed at the Laboratorio di Spettroscopia ai Picosecondi,
LASP (University of Rome, “Tor Vergata,” Italy) using
the phase-shift and demodulation technique. The excita-
tion source was the harmonic content of a mode-locked
Nd-Yag laser as previously described [15], or a frequency-
modulated xenon arc lamp. The excitation was polarized
at the “magic angle” to eliminate rotational effects on the
fluorescence lifetime measurements (1).

The data were analyzed by minimizing the reduced
chi-squared value with routines based on the Marquardt
algorithm [16].

THEORY OF DECAY ANALYSIS

Ensemble of Identical Fluorophores in a
Homogeneous and Static Environment

In this trivial case the fluorescence decay is a well
known monoexponential function [1]. In fact, indicating
with n(t) the number of molecules still excited at time
t , and withλ= KF+ KN the global (radiative plus non
radiative) emission probability per unit time, the following
equations hold:

dn(t) = −λn(t) dt

ln
n(t)

n0
= −

∫
λdt

n(t) = n0e−
∫
λdt

wheren0= n(0) is the number of excited molecules at
t = 0.

If λ is assumed to be time-independent, i.e.λ= const:

n(t) = n0e−λt (1)

and the lifetime of the excited state isτ = 1/λ.
Since the measured fluorescence intensity is propor-

tional to the population of the excited molecules through
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KF, the fluorescence decay,f (t), is given by:

f (t) = KFn(t) = KFn0e−λt = f0e−λt (2)

f0 being the fluorescence intensity at timet = 0.

Single Molecule in a Homogeneous and
Static Environment

For a single molecule excited at timet = 0 it is pos-
sible to obtain an expression similar to Eq. (1). Indicating
with γ (t) the probability at timet that the molecule is still
excited and withδ(t) the probability that the molecule has
reached the ground state:

γ (t)+ δ(t) = 1

If λ is the de-excitation probability per unit time of the
single molecule, the decay probability in the time interval
(t ÷ t + dt) is:

δ(t + dt)− δ(t) = γ (t)λdt = dδ

i.e.λdt multiplied by the probability that the molecule is
still excited. Sincedδ=−dγ , it follows that:

−dγ = γ (t)λdt

and

γ (t) = γ0e−λt = e−λt (3)

whereγ0= γ (0)= 1 since the molecule is excited at the
initial time.

As for Eq. (2), the probability of emitting one photon
at timet is:

f (t) = KFγ (t) = KFe−λt

For a single molecule the total fluorescence decay is ob-
viously obtained repeating the excitation and collecting
each time the single emitted photon. Thus, the histogram
of the arrival times is built upa posteriori.

Single Molecule in a Homogeneous Environment in
Presence of a Time-Dependent Dipolar Relaxation

In this case the probability of de-excitation,λ, is not
constant as it value changes during the lifetime of the ex-
cited state. This effect is due to the relaxation process that
modifies the number and the efficiency of the collisions
with the surrounding dipoles. As a consequence Eq. (3)
has the following more general form:

γ (t) = e−
∫ t

0 λ(ϑ)dϑ (4)

Thus, an explicit expression forλ(t) is required to fit the
experimental data.

Since, at present, a quantum mechanical model is not
available to predict an analytical expression forλ(t), we
have attempted to fit the data assuming an exponential
decay function:

λ(t) = λ∞ + (λ0− λ∞)e
− t
τR (5)

In this caseλ0= λ(0) is the decay probability at timet = 0
(i.e. immediately after excitation and before dipolar relax-
ation) andλ∞ is the decay probability at times much longer
than the relaxation time,τR. Equation (5) is very simple to
use as it depends only on three free parameters (λ0,λ∞ and
τR). The integration of Eq. (4) withλ(t) given by Eq. (5)
yields:

γ (t) = e−τR(λ0−λ∞)e−λ∞t eτR(λ0−λ∞)e
− t
τR (6)

and for the fluorescence decay:

f (t) = KFγ (t) (7)

Given a single molecule experiment, the fit of the experi-
mental data (in presence of relaxation) using Eq. (7) allows
to directly obtainτ0= 1

λ0
(i.e. the lifetime immediately

after excitation),τ∞= 1
λ∞

(i.e. the lifetime at the very end
of the relaxation process) and the average time of the re-
laxation,τR.

Equation (7) is valid only as long asKF does not
change with time. However, it is well known that during
dipolar relaxation a red shift of the emission spectrum may
occur [1,8]. Therefore, in the more general case, a time–
dependent probability for both the decay rate,KF= KF(t),
and the non radiative processes,KN= KN(t), must be
taken into account. Since spectral relaxation generally oc-
curs following a single or double exponential function
[1,8], we have assumed:

KF(t) = K∞F + (K 0
F − K∞F )e−

t
τF

and

KN(t) = K∞N + (K 0
N − K∞N )e−

t
τN (8)

and, sinceλ(t)= KF(t)+ KN(t), the total fluorescence de-
cay can be written as:

f (t) = KF(t)e−
∫ t

0 [KF(ϑ)+KN(ϑ)]dϑ (9)

This equation, which contains 6 free parameters
(K 0

F, K 0
N, K∞F , K∞N , τF, τN), allows to obtain the radiative,

τF, and non-radiative,τN, relaxation times directly from
the fluorescence decay, without any measurements of the
spectral red-shift during the relaxation process. If the two
events (spectral and lifetime relaxation) are characterized
by a similar time-scale (i.e.τF≈ τN), then Eq. (9) depends
only on 5 free parameters.
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It is worth mentioning that 5 free parameters are
also required in other commonly used fluorescence de-
cay models, namely a triple discrete exponential function
and a double lorentzian/gaussian continuous distribution
of lifetimes [17–19].

Ensemble of Identical Molecules in a Homogeneous
Environment in Presence of a Time-Dependent
Dipolar Relaxation

Equation (9), which has been obtained for a single
molecule, may be extended to the case of an ensemble of
identical molecules, simultaneously excited at timet = 0.
In fact, assuming that the relaxation process occurs in the
same way for all molecules:

f (t) = f0KF(t)e−
∫ t

0 [KF(ϑ)+KN(ϑ)]dϑ (10)

where f0 is the fluorescence intensity at timet = 0.
Equation (10) has been used in the present study to fit

the experimental dynamic fluorescence data of tryptophan,
tyrosine and single tryptophan-containing proteins.

RESULTS AND DISCUSSION

In order to test whether the new mathematical model
can be used to fit experimental fluorescence decays, we
have performed several dynamic fluorescence experi-
ments on aromatic fluorophores (indole and tyrosine) and
on selected proteins, which are known to relax in the
nanosecond time-scale. Furthermore, a couple of single-
fluorophore proteins (whose relaxation has not yet been
demonstrated by traditional methods) have been taken into
account and their dynamic fluorescence has been inter-
preted in terms of both single and double relaxation pro-
cess.

N-acetyltryptophanamide, Indole and Tyrosine

It is well known that tryptophan in water exhibits
a double exponential decay which has been ascribed to
the presence of rotational isomers (rotamers) character-
ized by different distances between the indole ring and
the charged amino group [20–23]. This intrinsic complex-
ity of the tryptophan zwitterionic form is instead absent in
the indole decay and in the dynamic fluorescence of some
analogues such as NATA, a tryptophan neutral derivative,
which is structurally closer to tryptophan residues in pro-
teins [24]. Both time- and frequency-domain techniques
have in fact demonstrated that indole and NATA in aqueous
solution display a single fluorescence lifetime around 4.8

Fig. 1. Fluorescence decay parameters and weighted residuals pat-
tern for NATA in glycerol at 15◦C. Panel a: discrete fluores-
cence lifetimes obtained fitting phase and modulation data with a
triple exponential decay function. Panel b: best fit obtained with
a single relaxation time function (i.e.τF= τN= τ ) according to
Eq. (10) (with K 0

F= 0.032± 0.003 ns−1; K∞F = 0.025± 0.003 ns−1;
K 0

N= 0.24± 0.01 ns−1; K∞N = 0.16± 0.01 ns−1; τR= 1.0± 0.1 ns). In
the insets the reduced chi-squared value is reported for each fit.

and 3.0 ns, respectively [24]. These values are of course
too long with respect to solvent molecules diffusion, mak-
ing impossible any detection of indole and NATA dielec-
tric relaxation in aqueous buffer, at room temperature. On
the other hand the lifetime of NATA in propylene glycol
exhibits a strong dependence on the emission wavelength
[25], suggesting that dipolar relaxation around the excited
indole might become detectable in a more viscous sol-
vent. We have measured the fluorescence decay of NATA
in glycerol at 15◦C and the results are reported in Fig. 1.
Panel a and panel b represent the five free parameters used
in two different fitting functions: a classical triple discrete
exponential decay and the single relaxation function (i.e.
τF = τN) described by Eq. (10). In this last case the relax-
ation process resulted to be characterized by aτR≈ 1.1 ns.
No statistical improvement in the fit (i.e. chi-squared value
and residuals distribution) was obtained using two distinct
relaxation times, i.e. separating the contribution ofKN(t)
andKF(t) to the fluorescence decay (withτF 6= τN).
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Fig. 2. Fluorescence decay parameters (see the legend of Fig. 1 for
details) for indole in propylene glycol at 8◦C. Panel a: triple exponen-
tial decay function parameters. Panel b (single relaxation function):K 0

F=
0.029± 0.003 ns−1; K∞F = 0.014± 0.003 ns−1; K 0

N= 0.26±
0.01 ns−1; K∞N = 0.17± 0.01 ns−1; τR= 2.9± 0.2 ns).

The emission of indole in a viscous solvent is also
known to be affected by dielectric relaxation [26–28]. The
fluorescence decay of indole in propylene glycol also re-
quires at least three discrete exponentials to satisfactorily
fit the data (Fig. 2a). On the other hand, using Eq. (10) a
relaxation time of 3.1 ns was obtained (Fig. 2b), in good
agreement with the value previously recovered with the
traditional time-resolved emission spectroscopy (TRES)
methodology (i.e. 2.8 ns) [27]. Also in this case a single
relaxation time was sufficient to fit the data.

Unlike tryptophan, tyrosine emission is insensitive to
solvent polarity: its emission occurs between 303 and 305
nm in water as well as in proteins and polypeptides [2].
Furthermore, the dipole moment of phenol is not particu-
larly high both in the ground and in the excited state [29]
making almost impossible to detect any relaxation pro-
cess by traditional methods (i.e. TRES, edge excitation
spectroscopy etc. . . ). Since intrinsically-contained relax-
ation in the fluorescence decay may be instead taken into
account using Eq. (10), we performed dynamic fluores-
cence experiments on tyrosine under different experimen-
tal condition.

Fig. 3. Fluorescence decay parameters (see the legend of Fig. 1 for de-
tails) for tyrosine in glycerol at 10◦C. Panel a: triple exponential decay
function parameters. Panel b (single relaxation function):K 0

F= 0.040±
0.004 ns−1; K∞F = 0.020± 0.003 ns−1; K 0

N= 0.53± 0.02 ns−1;
K∞N = 0.21± 0.02 ns−1; τF

R= 0.48± 0.03 ns).

Tyrosine in water is known to be characterized by
a single fluorescence lifetime [2]. In a control measure-
ment we have obtainedτ = 3.33 ns (χ2= 1.07) in good
agreement with the average lifetime reported in litera-
ture (≈3.4 ns). A considerable deviation from a mono-
exponential decay has been instead obtained increasing
the viscosity by addition of glycerol. In particular at least
three exponential had to be included in the fitting func-
tion in order to get a reasonable chi-squared value and
a random distribution of weighted residuals (Fig. 3a and
inset). The analysis of phase and demodulation data by a
single and a double relaxation function suggest that one
relaxation time is sufficient to fit the experimental points
(Fig. 3b). Interestingly, a much faster relaxation rate seems
to characterize tyrosine emission (0.48 ns) with respect to
tryptophan in the same condition (1.1 ns, Fig. 1).

For the three examples examined, it is worth men-
tioning that the discrete exponential function and the re-
laxation model yield the same reduced chi-squared value
and similar residuals pattern, randomly distributed around
zero, according to a gaussian statistic. Actually, the phys-
ical meaning of a triple exponential decay is not so clear
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for both tryptophan and tyrosine. In principle, the longer
components could be assigned to the fully relaxed flu-
orophores, while shorter lifetimes would represent the
emission of non-relaxed and partially relaxed states. How-
ever, this interpretation does not give any direct informa-
tion on the relaxation process that involves the fluorophore
excited state(s). On the other hand, the results reported in
Fig. 1, 2 and 3 demonstrate that the relaxation time is
intrinsically contained in the fluorescence decay of both
tryptophan and tyrosine. Thus, in the case of viscous sol-
vent, the relaxation process represented by Eq. (10) is
sufficient to explain the deviation from the single lifetime
decay that instead characterizes the emission of these flu-
orophores in aqueous buffers.

Single Tryptophan-Containing Proteins Which
Exhibit Spectral Relaxation

Unlike tryptophan in aqueous buffers, the lifetime of
several single-tryptophan proteins is strongly dependent
on the emission wavelength, even at room temperature
[25]. In several cases, their steady-state fluorescence spec-
trum has been also found to depend on the excitation wave-
length [30]. These findings have been interpreted in terms
of slow dipolar relaxation processes which take place in
the nanosecond time scale and which involve the reorien-
tation of groups surrounding the tryptophan residue [30].
According to this model, the protein matrix behaves as
a viscous medium, slowing down the relaxation approxi-
mately to the same time-range of fluorescence emission. In
several cases this hypothesis has been confirmed by TRES
experiments, measuring the time-dependent fluorescence
spectral shift. This effect is particularly evident in proteins
emitting at intermediate wavelength values (325–341 nm)
[30,31]. Taking advantage of the results reported in liter-
ature, we have performed dynamic fluorescence on a few
single-tryptophan proteins, namely staphylococcal nucle-
ase, RNAase T1, melittin and human serum albumin.

Staphylococcal nuclease is a small globular pro-
tein (≈17 kDa) whose fluorescence spectrum is centered
around 341 nm. Its emission decay in aqueous buffer
is characterized by two or three different components
(τ1≤ 1 ns;τ2≈ 2–4 ns;τ3≈ 5–6 ns), as shown by both
frequency- and time-domain techniques [32,33]. The dy-
namic fluorescence of staphylococcal nuclease in viscous
solvents is known to be strongly dependent on tempera-
ture and spectral relaxation has been proved to occur in the
nanosecond time range [34]. In principle, the phase and de-
modulation data at low temperature may be fitted accord-
ing to a triple exponential function, as shown in Fig. 4a.
However, using the same number of free parameters, the

Fig. 4. Fluorescence decay parameters (see the legend of Fig. 1 for de-
tails) for staphylococcal nuclease in glycerol at−40◦C. Panel a: triple
exponential decay function parameters. Panel b (single relaxation func-
tion): K 0

F = 0.035± 0.004 ns−1; K∞F = 0.024± 0.003 ns−1; K 0
N =

0.63± 0.02 ns−1; K∞N = 0.15± 0.02 ns−1; τR = 1.59± 0.05 ns).

fluorescence decay may be alternatively interpreted in
terms of a simple relaxation process (i.e.τF= τN), oc-
curring in about 1.6 ns (Fig. 4b). It is worth mentioning
that this value indicates a good correspondence with the
relaxation time of 1.4 ns found with the traditional TRES
methodology [34].

An excellent agreement with the literature has been
also obtained in the case of RNAase T1. Previous mea-
surements have been interpreted with a single exponential
decay, characterized by an average lifetime of≈3.9 ns
[35,36]. In Fig. 5a we have reported the parameters ob-
tained with a triple exponential decay law, which in fact
displays a predominant component centered at 4 ns. Re-
cently, it has been shown that the spectral relaxation of
RNAase T1 also occurs with a simple exponential func-
tion (τR≈ 700 ps) at 20◦C [1]. In order to test whether
it is possible to obtain the same result directly from the
protein dynamic fluorescence, we fitted phase and demod-
ulation data of RNAase T1 according to Eq. (10). The re-
sults, shown in Fig. 5b, demonstrate that the relaxation
process may be characterized by a single relaxation time
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Fig. 5. Fluorescence decay parameters (see the legend of Fig. 1 for
details) for RNAase-T1 in sodium acetate buffer (100 mM, pH 5.5)
at 8◦C. Panel a: triple exponential decay function parameters. Panel
b (single relaxation function):K 0

F= 0.030± 0.004 ns−1; K∞F =
0.029± 0.003 ns−1; K 0

N= 0.23± 0.02 ns−1; K∞N = 0.22± 0.02 ns−1;
τR= 0.57± 0.03 ns).

(τF= τN= 0.57 ns), which is indeed very close to the value
obtained using the traditional TRES methodology [1].

Among the other parameters which characterize the
fitting function described by Eq. (10), the time dependence
of KF also correlate fairly well to the result of TRES mea-
surements. For example, the time change ofKF is much
smaller for RNAase T1 (Fig. 5b) than for staphylococcal
nuclease (Fig. 4b), paralleling their spectral relaxation,
which is known to be≈44 cm−1 [1] and≈600 cm−1 [34],
respectively.

This coincidence also suggests thatKF(t) is strictly
correlated to the structural properties of the environment
surrounding the tryptophanyl residue in the two proteins.
In RNAase T1 Trp 59 is quite immobilized [37] and lo-
cated in a rather hydrophobic pocket of the protein ma-
trix, mainly consisting of apolar residues [38]. Thus, in
buffer, at 20◦C, the protein displays a very blue-shifted
(≈325 nm) fluorescence spectrum [35]. On the other
hand, several groups surrounding the single tryptophan
of staphylococcal nuclease (Trp-140) are polar and dis-
play a high degree of segmental mobility [34], suggesting

that at room temperature the fluorescence emission is due
to fully relaxed states. This explains why the effect of re-
laxation on tryptophan fluorescence in the two proteins
was observed under very different physico-chemical con-
ditions, i.e. a much higher viscosity and low temperature
in the case of staphylococcal nuclease.

Though a single relaxation process was sufficient to
fit the data of both RNAase T1 and staphylococcal nucle-
ase, this approach might not be valid for other proteins.
In fact, due to the large set of different movements char-
acterizing the protein matrix around the fluorophore, the
relaxation process might be more complex, requiring more
relaxation times. This hypothesis has been confirmed in
the case of at least two proteins, namely melittin and HSA.

Melittin is a small protein of 26 aminoacids that is
known to exist in an unfolded monomeric form in wa-
ter. Under this condition the fluorescence emission of its
single tryptophan residue is in fact red-shifted (≈350 nm)
and does not show any dependence on the excitation wave-
length [30]. On the other hand, the formation of a folded
tetrameric structure has been observed upon increasing the
ionic strength of the solution. In this oligomeric form the
fluorescence emission is shifted to shorter wavelengths
and displays a relevant red-edge effect already at 20–
25◦C [30]. Furthermore, time-resolved spectroscopy mea-
surements revealed that the spectral shift during the ex-
cited state lifetime is strongly temperature dependent [39].
These features have been ascribed to dipolar structural re-
laxation of the tryptophanyl environment, characterized
by relaxation times in the nanosecond range. A rele-
vant dependence of the emission decay on the excitation
wavelength was also observed for monomeric melittin in
methanol [7]. In this case a double exponential function
was used to represent the time-dependent shift of the emis-
sion spectrum [1,8].

We have measured the fluorescence dynamics of
tetrameric folded melittin in order to recover information
on the dipolar relaxation process directly from the emis-
sion decay. In particular, phase and demodulation data
were fitted according to Eq. (10) with bothτF= τN and
τF 6= τN. In the first case the same chi-squared value of
a traditional triple-exponential fit was obtained (≈1.2),
yielding weighted residuals which were not distributed ac-
cording to a gaussian statistics as revealde by the Smirnov-
Kolmogorov test [40]. Better residuals patterns and sig-
nificantly lower chi-squared values were instead obtained
with a double relaxation fit, in whichKF(t) and KN(t)
have an independent time-course (Fig. 6b). Indeed the re-
laxation time associated toKF(t), τF, is ≈5 times larger
thanτN, suggesting that the relaxation process is proba-
bly rather complex and consists of a hierarchy of different
processes. Similar results were also obtained for folded
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Fig. 6. Fluorescence decay parameters (see the legend of Fig. 1
for details) for tetrameric melittin (in Tris HCl, pH 7.5, 0.2 M
NaCl) at 15◦C. Panel a: triple exponential decay function parame-
ters. Panel b (double relaxation function, i.e.τF 6= τN: K 0

F= 0.023±
0.003 ns−1; K∞F = 0.016± 0.003 ns−1; K 0

N= 1.12± 0.09 ns−1;
K∞N = 0.25± 0.03 ns−1; τF= 3.28± 0.06 ns;τN= 0.71± 0.05 ns).

melittin in ethanol (data not shown), confirming the occur-
rence of relaxation also in the folded monomeric protein,
as recently reported by red-edge measurements in the time
domain [7].

This heterogeneity is not a unique feature of the
melittin molecule. For example, Buz`ady and coworkers
[41] have recently demonstrated that also human serum
albumin displays a complex red-shift decay of the time-
resolved fluorescence spectrum. In particular they have
found that dielectric relaxation of HSA in buffer, at
≈20◦C, occurs according to a double relaxation process,
characterized by both a fast (≈0.5 ns) and a slow (≈5 ns)
component [41]. We have also studied the excited state
dynamics of HSA using the phase and demodulation tech-
nique, fitting the data with the new approach. The results,
reported in Fig. 7, point out to the presence of at least two
relaxation times (≈0.3 and≈4 ns), in close agreement
with those previously found [41]. The presence of such a
complex dynamics in the case of HSA has been ascribed
to the different extension and frequency of the local seg-
mental movements of the tryptophan environment [41].
As a borderline case, the possibility that a hierarchy of

Fig. 7. Fluorescence decay parameters (see the legend of Fig. 1
for details) for HSA (in K-phosphate buffer, pH 6.0, 50 mM)
at 20◦C. Panel a: triple exponential decay function parameters.
Panel b (double relaxation function, i.e.τF 6= τN: K 0

F= 0.028±
0.002 ns−1; K∞F = 0.024± 0.002 ns−1; K 0

N= 0.70± 0.03 ns−1;
K∞N = 0.16± 0.02 ns−1; τF= 0.42± 0.02 ns;τN= 1.86± 0.08 ns.

different substates could induce a continuous distribution
of relaxation times has been also suggested [41], but not
yet demonstrated since more accurate measurements are
probably required. Our results are in line with this hy-
pothesis since a fit of the protein dynamics in terms of
a unique relaxation process yielded a much higher chi-
squared value (≈1.8). Furthermore, with respect to the
other proteins that we examined, HSA exhibits the largest
difference between the radiative and non-radiative pro-
cesses (more than on order of magnitude), suggesting that
the events affecting the tryptophan excited state are char-
acterized by quite different time scales.

Extension of the Relaxation Decay Model to Other
Single Tryptophan-Containing Proteins

All the examples just discussed dealt with proteins
displaying spectral relaxation in the nanosecond time
range, as revealed by the traditional TRES methodology.
In no case a single fluorescence lifetime characterized their
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emission decay and this finding was previously ascribed
to the presence of multiple conformational substates. On
the other hand, we have shown how this dynamic fluores-
cence heterogeneity may be alternatively explained intro-
ducing the dipolar relaxation process directly in the decay
function.

In this section we want to extend this new approach
to the case of two single tryptophan-containing enzymes,
namely HSOD and PFK. Despite in these two cases the
presence of dipolar relaxation effects has not yet proved,
we have recently shown that it is possible to fit the flu-
orescence dynamics of both PFK and HSOD in terms of
a time-dependent emission rate function [13]. In PFK,
Trp179 is not accessible to water molecules and its mul-
tiple exponential decay was previously attributed to dis-
tinct conformational substates characterizing the trypto-
phan microenvironment [42]. As shown in Fig. 8a and b,
no qualitative distinction can be made between a multiple
exponential decay function and a single relaxation model
(no improvements were obtained using a double relax-
ation process). A very small change in theKF value was
obtained (Fig. 8b), suggesting that most of the effect is
due to the non-radiative component (KN) and providing a
reasonable explanation for the absence of negative ampli-
tudes in the longer lifetime range.

The dipolar relaxation process in PFK has been also
studied by increasing the solvent viscosity but no relevant
effect was observed in the presence of glycerol (Fig. 8c).
This finding may be indeed explained on the basis of the
enzyme tridimensional structure, considering the reduced
solvent accessibility to the environment of Trp179.

In the case of HSOD the tryptophan residue is instead
located on the external protein surface and displays a sub-
nanosecond segmental mobility [14] in a quite restricted
(≈15–20 deg) cone semi-angle [43]. The emission decay
is complex and in fact one continuous distribution of life-
times centered around 2.25 ns was previously used to fit
the data [14]. The results of more recent experiments are
reported in Fig. 9a and b and demonstrate that dipolar
relaxation could also explain the protein fluorescence het-
erogeneity. At variance with PKF, a much stronger effect
of glycerol was observed on the fluorescence dynamics
of HSOD (Fig. 9c). In fact a double relaxation model was
required to fit the data yielding very different values forτN

andτF. Another opposite feature that distinguishes the two
proteins’ behavior is the different extent of the radiative
rate change,1KF= K 0

F− K∞F (cfr. Figs. 8 and 9), espe-
cially in the presence of glycerol. Despite a more detailed
experimental analysis is required to explain quantitatively
this result, it is clear that the tryptophan microenvironment
plays a fundamental role in the dipolar relaxation process.
In particular, the local dielectric constant (i.e. the local po-

Fig. 8. Fluorescence decay parameters (see the legend of Fig. 1 for de-
tails) for PFK at 20◦C. Panel a: triple exponential decay function param-
eters. Panel b (single relaxation function):K 0

F = 0.025± 0.004 ns−1;
K∞F = 0.022± 0.002 ns−1; K 0

N = 0.37± 0.05 ns−1; K∞N = 0.18±
0.02 ns−1; τR = 0.97± 0.07 ns. Panel c: PFK in glycerol (sin-
gle relaxation function):K 0

F = 0.025± 0.004 ns−1; K∞F = 0.022±
0.002 ns−1; K 0

N = 0.37± 0.02 ns−1; K∞N = 0.22± 0.02 ns−1; τR =
1.10± 0.07 ns.

larity) and the relative mobility of the tryptophan residue
with respect to the surrounding groups are expected to in-
fluence dramatically the spectral relaxation. In this regard,
we have compared the temporal spectral shift,1λ, (when
available from the literature) to the radiative rate change,
1KF, that we have obtained using Eq. (10). The result,
reported in Fig. 10, demonstrates that indeed a correla-
tion exists between the two parameters, thus providing
further evidence that our new model is consistent with
the time-resolved spectra obtained in the past in the same
experimental condition.

In conclusion we have reported several examples of
single probes in viscous media as well as in different
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Fig. 9. Fluorescence decay parameters (see the legend of Fig. 1 for
details) for HSOD at 20◦C. Panel a: triple exponential decay function
parameters. For comparison the lorentzian distribution previously ob-
tained [14] has been also reported. Panel b (single relaxation func-
tion): K 0

F = 0.025± 0.004 ns−1; K∞F = 0.024± 0.002 ns−1; K 0
N =

0.65± 0.07 ns−1; K∞N = 0.40± 0.02 ns−1; τR = 0.86± 0.06 ns. Panel
c: HSOD in glycerol (double relaxation function):K 0

F = 0.028±
0.005 ns−1; K∞F = 0.009± 0.003 ns−1; K 0

N = 1.65± 0.08 ns−1;
K∞N = 0.43± 0.02 ns−1; τF = 4.66± 0.08 ns;τN = 0.33± 0.02 ns.

proteins whose dipolar relaxation has been evaluated di-
rectly from the fluorescence emission decay. With respect
to the TRES methodology the new approach may offer
the following advantages. i) The relaxation time can be
directly obtained from the fluorescence decay; ii) the two
contributions of the radiative and non-radiative decay rates
can be resolved, allowing to detect dipolar relaxation ef-
fects also when the temporal spectral shift,1λ, is very
small, due to the peculiar physico-chemical characteristic
of the tryptophan environment; iii) it provides an alterna-
tive explanation for the complex emission decays observed
in single tryptophan-containing proteins.

Fig. 10. Linear correlation between the radiative rate change,1KF, and
the spectral relaxation shift,1λ (whereλ correspond to the spectral cen-
ter of mass). Symbols correspond to the following samples: RNAase-T1
in buffer (empty circle); albumin in buffer (filled circle); staphylococ-
cal nuclease in buffer (empty square); melittin in buffer (filled square);
staphylococcal nuclease in glycerol at−40◦C (empty triangle); indole
in propylene glycol (filled triangle).

This last result might have critical consequences in
the interpretation of the dynamic fluorescence data. In fact,
excited state interactions that characterize the tryptophan
photo-physics [24,44] are local processes. In particular,
dielectric relaxation involves a restricted area around the
tryptophan residue and it is not necessarily correlated to
the much larger protein conformational changes generally
invoked to justify a multiple exponential and/or a contin-
uos distribution function for data analysis.
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41. A. Buzády, J. Erosty´ak, and B. Somogyi (2000). Phase-fluorimetry
study on dielectric relaxation of human serum albumin.Biophys.
Chem.88, 153–163.

42. S. J. Kim, F. N. Chowdhury, W. Stryjewski, E. S. Younathan, P. S.
Russo, and M. D. Barkley (1993). Time-resolved fluorescence of the
single tryptophan of Bacillus stearothermophilus phosphofructoki-
nase.Biophys. J.65, 215–226.

43. N. Silva, E. Gratton, G. Mei, N. Rosato, R. Rusch, and A. Finazzi
Agro’ (1993). Molten globule monomers in human superoxide dis-
mutase.Biophys. Chem.48, 171–182.

44. Y. Chen and M. D. Barkley (1998). Toward understanding tryptophan
fluorescence in proteins.Biochemistry37, 9976–9982.


