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Ascorbate oxidase is a copper-containing enzyme which catalyzes a redox reaction between vitamin
C and molecular oxygen. The protein, which shows a complex tertiary structure, is an homodimer of
monomers, each containing three domains and14 tryptophan residues. Recently, we have demonstrated
by spectroscopic and ultracentrifugation techniques the existence of a stable dimeric intermediate along
the unfolding pathway of this enzyme [Mei, G., Di Venere, A., Buganza, M., Vecchini, P., Rosato, N. &
Finazzi Agrò, A. (1997) Biochemistry 36, 10 917210922]. In this study, the steady-state and dynamic
fluorescence features of ascorbate oxidase have been exploited in order to find a way of monitoring the
individual subsystems of the protein. The fluorescence intensity and anisotropy upon excitation at 295 nm
are extremely sensitive functions of the emission wavelength, indicating a great heterogeneity of the
system. The emission decay collected through a cut-off filter can be analyzed in terms of two continuous
distributions of lifetimes. Using a monochromator in emission or an optical multichannel analyzer, the
two distributions may be attributed to distinct components of the fluorescence spectrum. Differential
quenching by cesium chloride also confirmed that the several tryptophan residues present in the protein
structure may be grouped into two main classes, each with a different environment. Once the complex
fluorescence decay of ascorbate oxidase was analyzed and resolved, a comparison with the crystallo-
graphic data allowed a first, approximate attribution of the protein spectroscopic properties to some of
the tryptophan residues. This might provide a powerful tool of investigation about the role of definite
segments of the protein in its three-dimensional structure and catalytic activity. Furthermore, the meth-
odology set up for ascorbate oxidase can be usefully extended to other multitryptophan proteins.

Keywords:lifetime distribution; time-resolved emission spectroscopy; fluorescence quenching; red-edge
excitation.

Fluorescence techniques have been widely used to character-
ize both the conformation and the dynamic behaviour of large
biological structures such as membranes and proteins. For pro-
teins, the presence of intrinsic probes (tyrosine and tryptophan
residues) with lifetime values in the range of nanoseconds, al-
lows a detailed study of processes which occur at the micro-
scopic level. In particular, the development of time-resolved
methods, the improvement of light sources and data-analysis
software offer the possibility of collecting accurate data about
protein conformational fluctuations and enzyme-substrate in-
teractions. Several authors [124] have described dynamic fluo-
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rescence decays of proteins in terms of continuous distributions
of lifetimes. This model of data analysis is related to the hetero-
geneity of the tryptophan or tyrosine microenvironments [5, 6].
The mobility of the aromatic residues accounts, at least in part,
for this heterogeneity since the fluorophores may experience
several different microscopic states during their lifetime. Trypto-
phan in a rigid environment has a fluorescence decay which can
be fitted by a sum of discrete components [7, 8]. In contrast,
accurate anisotropy measurements on protein dynamics have
provided evidence for segmental motions occurring in a time
range of nanoseconds or less. Interconversion among the sub-
states of a hierarchically organized protein structure [9] may be
a further reason for heterogeneous fluorescence decay. Another
important factor which may contribute to spread a single lifetime
into a continuous distribution of lifetimes is the so called ‘red-
edge’ effect due to solvent relaxation around the excited fluoro-
phore [10, 11]. As this process occurs during the excited state,
red-edge fluorescence spectroscopy may be a suitable technique
to monitor local dynamics, especially in the case of single fluo-
rophore-containing proteins. However, when many tryptophan
residues are present, a discrimination between solvent relaxation
and intrinsic heterogeneity of the system can be hardly made.
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Site-directed mutagenesis has recently allowed the spectrum of
a multi-tryptophan-containing protein to be dissected into its
components [12216]. However, when the size and the complex-
ity of the system is such that mutants cannot be properly ex-
pressed and assembled, other indirect methods might be pro-
posed.

We have studied several spectroscopic features of ascorbate
oxidase (AAO), a multi-copper enzyme which catalyses one-
electron oxidation of vitamin C with the simultaneous four-
electron reduction of molecular oxygen to water [17]. Crystallo-
graphic data have shown that ascorbate oxidase is a dimeric
globule of identical subunits each containing three distinct do-
mains. AAO is spectroscopically very complex because it has
23 tyrosine residues and14 tryptophan residues per monomer.
However, the fluorescence intensity and anisotropy have been
extensively used to study the unfolding of AAO by guanidinium
hydrochloride and urea [18]. It was demonstrated that the un-
folding pathway is complex, including the formation of a stable,
dimeric, intermediate species. Nevertheless, a better knowledge
of the AAO spectroscopic properties is required to study the
stability of AAO in solution, the interaction between its subunits
(long-range interactions) and the subdomains folding (short-
range interactions).

In this paper, we attempted to dissect the contribution of
different fluorophores to the emission spectrum of AAO using
steady-state and dynamic fluorescence, and time-resolved emis-
sion spectroscopy (TRES) [19]. Red-edge excitation, polariza-
tion spectra (as a function of temperature and viscosity) and the
effect of fluorescence quenching agents such as acrylamide and
CsCl allowed the detection of two distinct classes of fluorescent
tryptophan residues.

MATERIALS AND METHODS

Materials. Ascorbate oxidase from green zucchini was
purchased from Boehringer Mannheim Biochemicals and its pu-
rity was checked by gel electrophoresis. The protein was dis-
solved in 80 mM potassium-phosphate, pH 6.0. Glycerol (for
fluorescence microscopy) was purchased from Merck KGaA.
In all experiments, the samples were kept at the desired tem-
perature using an external circulating bath (HAAKE, model
CH-F3).

Steady-state fluorescence measurements.Steady-state
fluorescence measurements were carried out with a single-pho-
ton-counting spectrofluorometer (ISS, model K2). The band-
width of excitation and emission monochromators varied in the
range 224 nm. For all the fluorescence experiments, the optical
absorbance of the samples, at 280 nm or at 295 nm, was in the
range 0.1020.15. The spectra were corrected using an instru-
ment correction curve obtained with standard fluorescent com-
pounds such asN-acetyl tryptophanamide (AcTrpNH2) and N-
acetyl tyrosinamide.

All fluorescence-quenching measurements were corrected
for the inner-filter effect. To simulate the absorption of quencher
molecules at the excitation and the emission wavelengths, two
cuvettes (5 mm optical length), containing a solution of quench-
ers in buffer, were placed along the excitation and emission path-
ways. The fluorescence of AcTrpNH2 was thus measured vary-
ing the concentration of quencher and two correction curves
(one for each quencher) were obtained. In order to evaluate the
amount (fa) of fluorophore accessible to the quencher molecules
as well as the quenching constant of CsCl, a non-linear fit of
the data was performed using the following equation:

F0

∆F
5

1

faK[Q]
1
1

fa
(1)

where F0 is the fluorescence in absence of quenchers,∆F 5
F0 2 F is the difference between the signals in absence and in
presence of CsCl,K is the dynamic or static quenching constant
and [Q] is the quencher concentration. Eqn (1), which describes
the quenching of two population of fluorophores, one of which
being inaccessible for the quencher, was derived as described
elsewhere [20].

Dynamic fluorescence measurements.Dynamic fluores-
cence measurements were performed using the phase-shift and
demodulation technique at the Laboratorio di Spettroscopia ai
Picosecondi, LASP (University of Rome, ‘Tor Vergata’, Italy).
The samples were excited at<293 nm using as excitation source
the harmonic content of a mode-locked Nd-Yag laser, as pre-
viously described [21].

All the results were analyzed by minimizing the reducedχ2

with routines based on the Marquardt algorithm using the Glob-
als Unlimited Software [22].

Time-resolved emission spectra.The data were acquired
using a time-resolved diode array detector (model KADStar by
ISS Inc.) at the Laboratory for Fluorescence Dynamics, LFD,
(University of Illinois at Urbana-Champaign, USA). The fluo-
rescence light was collected by a fiber bundle 2-m long and
5-mm in diameter; the bundle was made of 200µm diameter,
ultraviolet-grade quartz fibers. The bundle transported the fluo-
rescence light to a polychromator (320 mm focal length,F/5.4
aperture with 58 mm358 mm grating) which acted as a dispers-
ing element of the fluorescence spectrum. An image intensifier
and 2048 linear array detector were mounted at the exit slit of
the polychromator. The fluorescence light impinging onto the
photocathode of the image intensifier was amplitude-modulated
using a radio frequency signal whose phase was locked with the
radiofrequency signal modulating the excitation light beam. The
cross-correlation frequency (the difference between the fre-
quency of the two radiofrequency signals) was 8 Hz. In this way,
the low-frequency component of the signal (at 8 Hz) passed
through the phosphor of the image intensifier and was collected
by the array detector. An acquisition card inserted into the com-
puter acquires the data using the ISS Oma Optical Multichannel
Analyzer Software, for the on-line calculation of the phase shifts
and demodulation of the fluorescence at each element of the
array detector. The highest modulation frequency of this instru-
ment is about180 MHz; typical lifetime resolution of this detec-
tor is about 200 ps.

Analysis of the protein structure. The crystallographic data
have been analyzed using both visual inspection and more accu-
rate quantitative routines such as Insight II in which the external
surface of the whole protein is explored and the exposed area
of the aromatic residues is calculated. This procedure has been
repeated twice, once for the dimeric and once for the monomeric
structures.

RESULTS AND DISCUSSION

Steady-state measurements.The steady-state emission spectra
of AAO upon excitation at two different wavelengths, namely
280 nm and 293 nm, were normalized to100 (Fig.1). The
superposition of the two spectra in the blue-edge indicates that
the tyrosine-residues contribution to the overall emission is al-
most negligible, probably because a very efficient energy
transfer to tryptophan residues is occurring. Instead, the small
difference in the red-edge and the breadth of the spectrum indi-
cate an emission heterogeneity. Indeed, the emission peak is cen-
tered at<321 nm but a shoulder may be observed at<337 nm.
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Fig. 1. Fluorescence spectrum of AAO.Steady-state emission spectra
of AAO excited at 280 nm (open circles) and 293 nm (solid line) in
buffer (normalized to100) or in the presence of1.3 M CsCl (dotted line)
and 0.5 M acrylamide (dashed line). Inset: difference spectra between
AAO excited at 293 nm and AAO in presence of1.3 M CsCl (dotted
lines) or 0.5 M acrylamide (dashed lines).

Fig. 2. Solvent exposed areas of the 14 tryptophan residues in a
single AAO subunit. Filled and dashed bars represent the areas calcu-
lated on the dimeric and monomeric crystallographic structures, respec-
tively.

Since these two emission wavelengths are typical of buried and
partially buried tryptophan residues in proteins [23], it may be
argued that most emitting tryptophan residues belong to these
categories. X-ray crystallographic data [24, 25] show that most
of the 14 tryptophan residues in each subunit are located in hy-
drophobic regions (Fig. 2). In particular, six tryptophan residues/
monomer are completely shielded from the solvent (W8, W61,
W145, W362, W447 and W503); six tryptophan residues (W71,
W144, W163, W277, W455 and W490) are also rather buried
since their exposed area is 0.0520.15 nm2; finally, only two of
them (W15 and W317) are exposed to the solvent. These data
allow a preliminary classification of the fluorophores in different
groups, characterized by emission properties corresponding to
different microenvironments. A spectroscopical heterogeneity of
the system was also observed by measuring the steady-state an-
isotropy,krl, as a function of the emission wavelength upon ex-
citation at 295 nm and 25°C. This parameter is practically con-
stant when only fluorophores with identical properties are pre-
sent. Instead, an almost linear decrease of thekrl value is ob-
served for AAO (Fig. 3A). This behaviour can be attributed to
at least two different situations, namely an energy transfer from
buried to exposed tryptophan residues or a greater mobility (pos-
sibly associated with longer lifetime values) of the red-emitting

Fig. 3. Fluorescence anisotropy dependence on temperature and vis-
cosity. (A) Steady-state emission anisotropy upon excitation at 295 nm
at 25 (filled diamonds), 45 (crosses) or 55°C (filled triangles). Open
diamonds represent the anisotropy measured in presence of1.3 M CsCl
at 25°C. (B) Steady-state anisotropy of AAO at 30°C (circles) and in
the presence of10% and 20% glycerol (open and filled squares, respec-
tively). The experimental error (not reported for the sake of clarity) was
∆r < 60.002.

Fig. 4. Red-edge fluorescence emission of AAO.Maximum fluores-
cence emission versus excitation wavelength for AAO (circles) and for
AAO in presence of1.3 M CsCl (squares). Solid lines represent the best
linear fits of circles.

fluorophores. In order to test which hypothesis might hold in
this case, the anisotropy was measured at higher temperatures,
namely 45°C and 55°C. Here, the decrease in the anisotropy
was steeper at longer wavelengths, leveling off beyond 365 nm
(Fig. 3A). In the presence of CsCl, which quenches the solvated
tryptophan residues, a relevant increase in the anisotropy value
was observed at the red edge of the fluorescence spectrum
(Fig. 3A). This result suggests that the decrease inkrl values at
longer emission wavelengths might be related to peculiar proper-
ties of the red-emitting tryptophan residues.

The effect of viscosity on thekrl value was studied at 30°C
by adding glycerol to the solution. The anisotropy observed at
the red edge of the fluorescence spectrum (Fig. 3B) increases at
increasing glycerol concentrations. Even though energy transfer
among tryptophan residues cannot be ruled out, these findings
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Table 1. Quenching parameters.λmax is the position of the maximum fluorescence emission;∆λ the width at half maximum of the fluorescence
spectrum. (f s

a) and (fd
a) are the amounts of quenched fluorophores evaluated on the basis of the Stern-Volmer plots reported in Fig. 5. The values

were obtained by steady-state and dynamic fluorescence measurements, respectively. Finally,KS and KD represent the Stern-Volmer quenching
constants obtained from steady-state and dynamic fluorescence measurements.

Sample λmax ∆λ fs
a KS fd

a KD

nm M21 M21

AAO 32161 5561 2 2 2 2
AAO 1 acrylamide 32161 5561 1.00 3.1960.06 1.00 3.1260.09
AAO 1 CsCl 31961 5261 0.1860.01 1.7 60.1 0.1960.01 1.7 60.4

indicate that the heterogeneity of the fluorescence spectrum
mainly depends on the greater mobility of the solvated fluoro-
phores. Thus, assuming that the heterogeneity of the fluores-
cence signal was essentially due to distinct contributions of two
different classes of fluorophores, we expected to find a strong
dependence of the steady-state emission spectrum on the excita-
tion energy. A biphasic behaviour of the emission peak is ob-
served and two linear functions are required to fit the data
(Fig. 4). While, by exciting up to 295 nm, the peak slowly
moves to longer emission wavelengths, above<297 nm this de-
pendence becomes steeper and, within10 nm (2972307 nm) the
spectrum shifts to the red by about11 nm. This effect might be
correlated to a significantly different exposure of the two classes
of tryptophan residues to the solvent. In fact, when the experi-
ment is carried out in the presence of CsCl, two slopes are still
visible but the difference is much less pronounced (Fig. 4). Fur-
ther quenching experiments have also been performed using
acrylamide in order to explore the solvent accessibility of the
different tryptophan residues. The spectra obtained at the highest
concentration of quencher used (Fig.1; λex 5 293 nm) and the
related spectroscopic parameters (Table1) show that although
acrylamide has the greatest quenching effect, it does not affect
the width or the peak position of the spectrum. A different result
was obtained with CsCl which mainly quenches the long-wave-
length-emitting tryptophan residues. This quencher is able to
shift the spectrum maximum by about 2 nm to higher energy
and to narrow the width of the spectrum at half maximum inten-
sity (Table1). The difference spectra in the absence and in the
presence of quenchers (Fig.1) indicate how the CsCl effect is
restricted to the exposed tryptophan residues, characterized by
an emission at<343 nm and associated to the abrupt variation
of slope (Fig. 4).

The Stern-Volmer data obtained with acrylamide (Fig. 5A)
can be fitted to a straight line while with CsCl (Fig. 5B) non-
linearity is shown. This behaviour of the Stern-Volmer plot has
been generally interpreted by the presence of two classes of flu-
orophores, one of which is inaccessible to the quencher [26].
The data (Fig. 5B) have been fitted according to this hypothesis
(see Materials and Methods) and the parameters of the best fit
are reported in Table1. The amount of quenched fluorophores
extrapolated at infinite denaturant concentration is100% for
acrylamide and about17218% for CsCl. Considering that 28
tryptophan residues/AAO dimer are present, the accessibility
measured at1.3 M CsCl (<13.2%) corresponds approximately
to two tryptophan residues/monomer if, as a first approximation,
the same fluorescence intensity is assumed for all fluorophores.
Indeed, this result seems in fair agreement with the crystallo-
graphic data analysis (Fig. 2), which pointed to W15 and W317
as the best candidates for the red-emitting class of fluorophores.

Fluorescence-decay measurements.The heterogeneity ob-
served in the steady-state measurements is associated to a com-

Fig. 5. Acrylamide and CsCl quenching effects on the AAO emission
properties. Steady-state (open squares) and dynamic (filled squares)
quenching of AAO by acrylamide (A) and CsCl (B) upon excitation at
293 nm.

plex fluorescence decay. The decay data of AAO fluorescence
studied by phase and modulation have been fitted using different
models, namely1, 2 and 3 exponentials or1 and 2 lorentzian
distributions of lifetimes (Table 2). In agreement with the best
χ2 value and the best weighted residuals (data not shown), the
bimodal lorentzian distribution appeared to be more appropriate
to describe the decay (Fig. 6A). The soundness of this approach,
which might also be justified by the large number of tryptophan
residues, can be checked by the successful interpretation of the
data. Indeed, a complex decay may have, in principle, different
origins. Distributed fluorescence decays have been already re-
ported even in the case of single fluorophore-containing proteins
[27, 6, 28]. It was proposed that the width of the distribution
may reflect the number of the protein conformational substates
experienced by the fluorophore during the excited state [1, 29].
For AAO, the presence of several tryptophan residues is evi-
dently a source of complexity. The distributions of lifetimes re-
ported (Fig. 6A) may be used to evaluate the relative fractions
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Table 2. Fluorescence decay parameters for AAO.C is the fluorescence lifetime (i.e., center of lorentzian distribution ifw1 or w2 are reported).
∆C1 < 30 ps;∆C2,3 < 50 ps;w is the width of lorentzian distribution (∆W1,2 < 40 ps) andF the fractional intensity associated to each lifetime
component (∆F1,2,3 < 0.01). χ2 is the reduced chi-squared of phase and modulation data fit.

Fitting function C1 W1 F1 C2 W2 F2 C3 F3 χ2

ns ns ns

1 exponential 1.26 2 1.00 2 2 2 2 2 668.2
1 lorentzian 1.05 1.88 1.00 2 2 2 2 2 16.0
2 exponentials 0.51 2 0.42 2.64 2 0.58 2 2 5.5
2 lorentzians 0.55 0.93 0.53 2.48 0.45 0.47 2 2 1.0
3 exponentials 0.32 2 0.27 1.70 2 0.55 4.70 0.18 1.2

Fig. 6. AAO fluorescence lifetime distributions. Emission was col-
lected using a cut-off filter at 305 nm (A) and in presence of 0.3 M
acrylamide (B) or1.3 M CsCl (C).

of the two tryptophan populations, i.e. the pre-exponential
factors of the fluorescence decay. This calculation yields 0.84
for the first population and 0.16 for the longer lifetimes species,
which parallel fairly well, within the experimental error, the ratio
of 12:2 obtained from the CsCl quenching experiment and from
the crystallographic analysis. In order to ascertain whether each
distribution might be ascribed to a particular set of fluorophores,
the fluorescence decay was also measured in the presence of
quenchers. Both the widths and the centers of the two distribu-
tions are dramatically affected by the presence of 0.3 M acryl-
amide (Fig. 6B). A Stern-Volmer plot of theτ0/τ ratio, i.e. the
average lifetime in the absence and in the presence of acryl-
amide, is reported in Fig. 5A together with the steady-state mea-
surements. Again, a linear dependence may be observed con-
firming that this neutral quencher has accessibility to almost all

Fig. 7. Profiles of fluorescence lifetime distributions using an emis-
sion monochromator (bandwidth = 4 nm) set at 320 nm (A) or at
350 nm (B).

the fluorescent tryptophan residues of AAO. The fluorescence
decay of AAO is also influenced by CsCl. However, in this case,
only the lifetimes components around 223 ns are affected
(Fig. 6C) indicating that the tryptophan residues accessible to
the CsCl molecules are associated for the longer component of
the decay. The corresponding dynamic Stern-Volmer plot is re-
ported in Fig. 5B. The overlap of the two data sets indicates that
only a dynamic process is occuring [26]. The non-linearity is, in
fact, similar to that observed by the steady-state measurements
from which the same amount of quenched tryptophan residues
(<18%) has been evaluated (Table1).

The internal domains of proteins are generally highly hy-
drophobic. The different effects of charged and neutral quench-
ers is considered to be a consequence of their different penetr-
ations into the protein matrix. Our experiments with CsCl point
out that most tryptophan residues in AAO are inaccessible to
positive (Cs1) ions which, instead, quenched the exposed resi-
dues although with a different efficiency due to the presence
of different number of charged amino acid residues around the
exposed tryptophan residues [24, 25]. A different value of the
bimolecular quenching constant for Trp15 and Trp317, due to
this different net charge, can also explain the small decrease of
the center and the consistent narrowing of the width of the life-
time distribution. Thus, the dynamic quenching data are consis-
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Fig. 8. TRES obtained using an optical multichannel analyzer.For
better clarity, the spectra have been normalized to1. Inset : comparison
between the relative quantum yield of the TRES spectra (open circles)
and the calculated number of emitted photons as a function of time (solid
line).

tent with the presence of two classes of fluorophores, and also
give information on the polarity of the respective environments.
The dependence of the fluorescence lifetimes on the emission
wavelength has been studied by collecting the phase and modu-
lation data through an emission monochromator and performing
the measurements at several wavelengths. The results of the best
fit obtained in the blue (320 nm) and red (350 nm) regions of
the AAO emission spectrum are reported in Fig. 7A and B. The
wavelength selection obtained by the monochromator allows
each distribution to be assigned to a particular region of the
spectrum. The red edge of the fluorescence spectrum showed a
broader distribution around<2.5 ns (Fig. 7B), while the shorter
component is much narrower and shifted from 0.6 ns to1.0 ns
(Fig. 7A). The latter effect is probably due to the monochroma-
tor which cuts off the emission at wavelengths shorter than
315 nm. This possible artifact was overcome using an optical
multichannel analyzer (OMA) as described in Materials and
Methods. In this way, the dependence of the fluorescence life-
times on the emission wavelength has been analyzed in more
detail and the time-resolved emission spectra of AAO have been
evaluated. The profile of the spectrum as a function of time
(Fig. 8) confirms that the blue part of the AAO spectrum is asso-
ciated with short fluorescence lifetimes, while the slower decay
corresponds to tryptophan residues emitting at longer wave-
lengths. These results are consistent with those reported by Kou-
yama et al. [30].

In order to check the correspondence between the distribu-
tion analysis and time-resolved emission spectroscopy (TRES),
the average number of emitted photons as a function of time has

Fig. 9. Center of mass of the time resolved emission spectra of AAO
(filled circle) and center of mass calculated as a linear combination
of two different emitting species as described in the text (open cir-
cles).

been calculated from the lorentzian functions (Fig. 6A). The two
sets of data are superimposable (Fig. 8).

The spectrum att 5 0 ns evolves to that at the longest ob-
served time in a biphasic way, (Fig. 9) where the center of mass
of TRES has been reported. To check whether this time depen-
dence of the spectrum may originate from two distinct popula-
tions of fluorophores, TRES has been simulated using a simple
model where the emission spectrum of AAO was fitted with the
linear combination of two species. The first one, which repre-
sents the blue-emitting tryptophan residues, was assumed to
peak at 319 nm with a full width at half maximum of<52 nm,
chosen on the basis of the CsCl-quenching experiment (Table1
and Fig.1, dotted curve). The other species is that represented
by the difference spectrum (Fig.1, dotted line). It has a peak
at <343 nm, a full width at a half maximum of<56 nm and
corresponds to the spectrum of the tryptophan residues quenched
by CsCl. Two different radiative rate constants, corresponding
to the centers of the lorentzian distributions (Table 2 and
Fig. 6A), have been associated with each spectrum, and the cen-
ter of mass of the time-resolved emission spectra have been re-
evaluated by the sum of two distinct decays and compared with
those obtained for the TRES. The correspondence between the
experimental and the calculated TRES is fairly good (Fig. 9)
confirming the assumption that the overall emission of AAO is
indeed the linear combination of the emissions of two different
types of tryptophan residues.

CONCLUSIONS

This study shows that it is possible to separate the fluores-
cence contribution of different classes of fluorescent residues in
very complex proteins such as AAO. In particular, the data of
fluorescence decay, collected as a function of the emission
wavelength (OMA), provide new support for the interpretation
of dynamic fluorescence in terms of continuous distributions of
lifetimes. Two classes of tryptophan residues have been iden-
tified in AAO from their steady-state and dynamic-fluorescence
properties. The spectroscopic data nicely fit the three-dimen-
sional structure of AAO obtained by X-ray crystallography, indi-
cating that the protein in solution and in the crystalline lattice
has the same interaction with the solvent. These results give
structural information which might be useful for a dynamic char-
acterization of the AAO dimeric intermediate state found in its
unfolding pathway, which is underway in our laboratory. As a
more general application, this methodology can be extended to
other multi-tryptophan-containing proteins. In particular, when-
ever the crystallographic structure are unknown, a combination
of the described methodology with site-directed mutagenesis
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could be a straightforward strategy to analyze the intrinsic
heterogeneity of the protein fluorescence spectrum.
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