
Journal of Fluorescence, Vol. 11, No. 4, December 2001 (q 2002)

Asymmetrical Distribution of Intrinsic Fluorescence
Lifetimes in Proteins

Giampiero Mei,1 Almerinda Di Venere,1 Fabio De Matteis,2 Alessandro Lenzi,3 and
Nicola Rosato1,4,5

Received April 16, 2001; revised July 19, 2001; accepted July 26, 2001

Dynamic fluorescence measurements of proteins in solution are often interpreted in terms of continu-
ous distributions of lifetimes, which reflect the intrinsic structural heterogeneity of these systems.
In several cases a single Gaussian or Lorentzian symmetric distribution has been used to fit the
data. In this paper we describe a new nonsymmetric Lorentzian function which contains three free
parameters (the center, the left, and the right widths) like the double-discrete exponential model
(the two lifetimes and one preexponential factor). Simulated data in the frequency domain have
been used to compare the fits obtained with these different approaches, introducing a new parameter,
r, which quantitatively measures the asymmetry of the distribution or the ratio of the two preexponen-
tial factors, in the continuous and discrete models, respectively. Real measurements of a mixture
of independent fluorophores, as well as of protein fluorescence decays, have also been performed
and analyzed in terms of the new asymmetric function. The data have also been fitted with traditional
discrete methods (such as the two- and the three-exponential decay) and with another asymmetric
function, namely, the skewed Gaussian distribution.

KEY WORDS: Protein fluorescence decay; frequency domain fluorometry; distribution of lifetimes.

INTRODUCTION improvements in instrumentation and the development
of powerful software for data analysis have clearly dem-
onstrated that several proteins containing a single emittingPhase-shift and demodulation techniques are power-
fluorophore behave like heterogeneous systems, dis-ful methods for the investigation of protein conforma-
playing an emission decay, I(t), which cannot be satisfac-tional dynamics, through the emission fluorescence of
torily fitted with a single-exponential function. Thus, aintrinsic probes, such as tyrosine and tryptophan [1]. The
discrete two-/three-component decay function or, alterna-
tively, a continuous distribution of lifetimes is often
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tors [3,4]. The second possibility is to start the analysis Finally, both simulated and experimental data are
analyzed in terms of a skewed Gaussian distribution ofwith a distribution whose analytical function is known a
lifetimes, and the results compared to those obtained withpriori. The minimization algorithm is then used to search
the nonsymmetric Lorentzian function.for those parameters (center and width of the distribution)

which give the lowest chi-square value. Both Lorentzian
and Gaussian-shaped distributions of lifetimes have been
used to describe the fluorescence decay of proteins [5–7]. MATERIALS AND METHODS
However, besides the predetermined form, other two limi-
tations occur when using such functions. In fact, while

Theory
a discrimination between a distributed and a single-expo-
nential decay can be easily achieved, it is often difficult The fluorescence decay associated with a d-pulse
to make a clear distinction between a fit obtained with a excitation has commonly been described by a sum of

discrete exponentials,Lorentzian- or Gaussian-shaped set of lifetimes and a
double-exponential function. This comparison is also
complicated by the presence of an intrinsic “statistical I(t) 5 o

n

i51
aie2t/ti (1)

inconvenience”: the number of free parameters allowed
to vary in the distribution fit is k 5 2, while k 5 3 in or, alternatively, by a continuous distribution of fluores-
the case of a double-exponential model (two lifetimes cence lifetimes,
and the ratio of the two preexponential factors). More-
over, both Lorentzian and Gaussian functions do not take

I(t) 5 #
`

0

a(t) e2t/t dt (2)into account an eventual “asymmetry” in the lifetime set
which might characterize the emission decay. All these
problems may be overcome by introducing asymmetric- where ai and a(t) represent the discrete and continuously
shaped distributions. Indeed the usefulness of asymmetric distributed preexponential factors, respectively. In the
functions in the interpretation of fluorescence data has past years, the latter model has been used [7,20] to charac-
already been proved. For example, in 1991 Wiczk and terize the distribution of lifetimes with a Lorentzian-
co-workers [8] successfully employed a skewed Gaussian shaped preexponential function:
function to represent the donor–acceptor distance distri-
butions obtained in fluorescence energy transfer measure- a(t) 5

(w/2)2

(t 2 c)2 1 (w/2)2 (3)
ments.

Since in the past years most of the protein fluores- where c and w correspond to the center and full width
cence decays obtained by phase fluorometry have been at half-maximum (FWHM) of the distribution. From Eq.
interpreted in terms of Lorentzian lifetime distributions (3), it follows that the lifetimes {t} are symmetrically
[9–19], we decided to simulate experimental data with disposed around a central value t 5 c. To fit the data
an asymmetrical Lorentzian function. In this paper we with an asymmetric function, we modified Eq. (3) so that
report a comparison between this new asymmetric distri-
bution and the double-exponential decay, which share the aL(t) 5

(wL /2)2

(t 2 c)2 1 (wL /2)2 , t # c; (4)
same number of free parameters (k 5 3). The quality of
both fitting functions was investigated through the better
residuals pattern and the minimum chi-square value aR(t) 5

(wR /2)2

(t 2 c)2 1 (wR /2)2 , t $ c
reached in each case. A detailed analysis of the reduced
chi-square surfaces is reported for each fit, obtaining the where wL/2 and wR/2 are the left and right side of the
confidence interval of the parameters used. The limits of FWHM, respectively. We call this function JANUS, since
the symmetric Lorentzian compared to both the asymmet- it is a distribution with two distinct sides. We also defined
ric distributed function and the double-exponential model a new parameter, rJ 5 wR/wL, which measures the “degree
are also discussed. The new nonsymmetric function is of asymmetry” of a JANUS distribution. When rJ 5 1
used to fit the fluoroscence decay of selected proteins, the JANUS model is coincident with a Lorentzian sym-
namely, bacterial superoxide dismutase (PSOD), phos- metric function.
phofructokinase (PFK), and bovine superoxide dismutase The fractional fluorescence contribution of each
(BSOD), studying the emission of both tryptophans (in emitting species with lifetime t, F(t), has often been

reported instead of a(t); for this reason we wrote a pro-the first two cases) and tyrosines (in the case of BSOD).
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Fig. 1. (a) Shape of the simulated JANUS function using c 5 2 ns, wL/2 5 0.27 ns, and wR/2 5 0.68 ns. (b) Simulated phase-shift and demodulation
data (obtained with the distribution in a) as a function of the modulation frequency. The solid line represents the best fit (see first line in Table I).
(c–h) Weighted residuals of phase (triangles) and modulation (circles) data fitted with a JANUS (c, d), double-exponential (e, f), or symmetric
Lorentzian (g, h) model.

gram (in Pascal language) with a routine which can also mv 5 !N 2
v 1 D2

v

use, in expression (2), both F(t)/t and the preexponential
factors, a(t). This option has been included in the analysis where
of the data with the JANUS distribution, Eq. (4).

In frequency-domain techniques the measured
phase-shift and demodulation values at each frequency, Nv 5 #

`

0

I(t) sinvt ? dt/#
`

0

I(t) ? dt
fv and mv, are correlated with the sine and cosine trans-
forms of the decay function through the equations

Dv 5 #
`

0

I(t) cosvt ? dt/#
`

0

I(t) ? dt
fv 5 arctan

Nv

Dv
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Table I. Fluorescence Dynamics Parameters Obtained Fitting the Simulated Data in Figs. 1b, 2b, and 3ba

Fitted with

JANUS Two exponentials Lorentzian

Simulated with x2 C (ns) wL/2 (ns) wR/2 (ns) x2 t1 (ns) t2 (ns) a1 (%) x2 C (ns) w (ns)

20.27 20.13 20.03 20.13 20.56 20.05 20.14 20.11
JANUS 1.1 2.04 0.34 0.69 6.6 2.17 8.56 0.85 3.2 2.40 1.03

10.14 10.09 10.02 10.20 13.74 10.06 10.09 10.09
20.27 20.64 20.04 20.05 20.08 20.04 20.17 20.08

Two exponentials 5.0 1.82 1.38 0.24 0.9 0.79 2.18 0.54 18.3 1.25 0.51
10.12 12.10 10.03 10.02 10.12 10.06 10.18 10.10
20.15 20.05 20.03 20.46 20.81 20.14 20.03 20.03

Lorentzian 1.3 1.96 0.65 0.70 15.0 1.70 6.42 0.78 1.3 1.99 1.41
10.18 10.14 10.02 10.26 11.98 10.22 10.02 10.05

a x2: reduced chi-square value. C, t1, t2: center of the distribution or discrete lifetime value. a1: preexponential factor of the first component (a1 1

a2 5 1). wL, wR, w: width of the lifetime distribution.

To fit the data with different fluorescence decays, I(t), the measurements using an external bath circulator. The
phase and modulation data of BSOD were obtained fromthe program minimizes the reduced chi-square function,
Ferreira et al. [13].

x2 5
1
v Fov 1(fv 2 fc

v)2

(Df)2 1
(mv 2 mc

v)2

(Dm)2 2G
Fluorescence Measurements

by a nonlinear least-squares routine, based on the Mar-
Dynamic fluorescence measurements were per-quardt–Levenberg algorithm, where v is the number of

formed using the phase-shift and demodulation techniquedegrees of freedom, fc and mc are the calculated phase
[21]. The excitation source (lex ' 293 nm) was a fre-and modulation values, and Df and Dm represent the
quency-doubled rhodamine 6G–NdYag laser, while emis-uncertainties in the measured data. The integrals Nv and
sion was collected through a WG 320 cutoff filter toDv can be calculated by the program both numerically
avoid scattered light. A minimum of 22 frequencies wasand by analytical formulas which can be obtained by
employed in each measurement.exchanging the order of integration between t and t. In

the latter case the upper limit in the lifetime integral can
also be fixed a priori, as in the numerical calculation, Fits
truncating the Lorentzian right tail to a maximum value

The quality of the different fits was checked by the(which can be, for example, the unquenched radiative
lower chi-square value, according to the F-test statisticslifetime of the excited state, t0). The simulated data were
[22]. The Smirnov–Kolmogorov test [23] was appliedobtained by fixing the decay function, I(t), and adding
to the weighted residuals to check for their Gaussianto the calculated phase and modulation values (fv and
distribution around zero.mv) a Gaussian noise, using a Monte Carlo double-extrac-

The fits obtained using the skewed Gaussian func-tion algorithm. The set of frequencies ($30) ranged from
tion were performed using the software produced by M.v ' 5 to v ' 300 MHz, since the mean lifetime was
L. Johnson and available on-line at the Center for Fluores-about 1.5–2.0 ns.
cence Spectroscopy site (cfs.umbi.umd.edu).

Samples

RESULTS AND DISCUSSIONAniline, 2-(1-naphtyl)-5-phenyloxazole (a-NPO),
anthracene, 1,4-bis(5-phenyl-2-oxazoly)benzene (POPOP),
and p-therphenyl were purchased from Fluka and dissolved Analysis of Simulated Fluorescence Decays
in ethanol. Purified PSOD was a generous gift from the
laboratory of Dr. Alessandro Desideri. PFK was purchased A typical profile of a JANUS distribution of life-

times, with rJ . 1, is reported in Fig. 1a. The correspond-from Sigma. All samples were thermostated at 208C during
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Fig. 2. (a) Lifetimes (t1 5 0.8 ns, t2 5 2.2 ns) and preexponential factors (a1 5 0.55, a2 5 0.45) used to simulate a double-exponential fluorescence
decay. (b) Simulated phase-shift and demodulation data (obtained with the values in a) as a function of the modulation frequency. The solid line
represents the best fit (see second line in Table I). (c–h) Weighted residuals of phase (triangles) and modulation (circles) data fitted with a JANUS
(c, d), double-exponential (e, f), or symmetric Lorentzian (g, h) model.

ing phase and demodulation data (Fig. 1b) were simulated reported in Figs. 1c and d are distributed around zero
according to a Gaussian statistics (with m 5 0 and s 5 1).from the decay function, I(t) (see Materials and Methods),

and then fitted with both nonsymmetric and symmetric We also performed simulations for a double-expo-
nential decay (Fig. 2a) and for a Lorentzian-distributedLorentzians or with a two-discrete exponential decay. The

results of this analysis are reported in the first line in ensemble of lifetimes (Fig. 3a). In the first case it is not
possible to obtain a lower chi-square value or a betterTable I, while the weighted residuals of each fit are shown

in Figs. 1c–h. According to the F-test statistics (with a residuals pattern than that of a discrete model, using
distributions (see the second line in Table I and Fig. 2).0.05 confidence limit), the chi-square values obtained

with the JANUS function are significantly lower than On the other hand, as demonstrated in Table I, line 3,
and Fig. 3, two lifetimes are not sufficient to fit the datathose of other fits. Also, the Smirnov–Kolmogorov test

of the weighted residuals demonstrates that only those obtained from a Lorentzian distribution, while the JANUS
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Fig. 3. (a) Shape of the simulated symmetric Lorentzian function using c 5 2 ns and w 5 1.4 ns. (b) Simulated phase-shift and demodulation data
(obtained with the distribution in a) as a function of the modulation frequency. The solid line represents the best fit (see third line in Table I). (c–h)
Weighted residuals of phase (triangles) and modulation (circles) data fitted with a JANUS (c, d), double-exponential (e, f), or symmetric Lorentzian
(g, h) model.

model gives a result which cannot be distinguished from each parameter, according to a 90% confidence interval
(see Figs. 4 and 5), are reported in Table I. As expected,the symmetrical distribution: the sum of the right and left

half-widths (0.65 1 0.70 ns) is in fact close to the full the parameters are determined with a good accuracy only
when the fit is performed with the corresponding functionwidth used for the simulation (1.40 ns).

A more accurate comparison between the results of used in the simulation. This result suggests that it is possi-
ble to discriminate (at least in this case) among asymmetric,the double-exponential and the asymmetric fitting function

was carried out evaluating the confidence interval of each symmetric, or discrete decay models.
In the three examples shown, the parameters of theparameter used to fit the data. This analysis was performed

examining the reduced chi-square surfaces obtained fixing simulated decays were chosen arbitrarily, although in the
range of a few nanoseconds, to simulate tryptophan orone parameter per time and adjusting the others to reach

a minimum chi-square value. The results of this procedure tyrosine dynamic fluorescence in proteins. Of course, the
choice of the two discrete lifetimes as well as the widthsare shown in Figs. 4 and 5. The errors associated with
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Fig. 4. Chi-square surfaces obtained fitting the phase and modulation data reported in Fig. 1b, with a double-exponential model (a–c) or a JANUS
distribution of lifetimes (d–f). The uncertainties of the parameters reported in Table I were evaluated according to the 90% confidence intervals
indicated by the horizontal lines.
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Fig. 5. Chi-square surfaces obtained fitting the phase and modulation data reported in Fig. 2b, with a double-exponential model (a–c) or a JANUS
distribution of lifetimes (d–f). The uncertainties of the parameters reported in Table I were evaluated according to the 90% confidence intervals
indicated by the horizontal lines.
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of the distributions might be critical for the better quality Similar results were also obtained by changing the
center of the JANUS distribution and the average lifetimeof one particular fit compared to the others. For example,
of the discrete model in the range 1–5 ns (data not shown).it might be expected that a shorter interval between the

two lifetimes in Fig. 2a could reduce the chi-square value
of the distributions fits, giving much narrower widths than Analysis of a Mixture of Fluorophores
those reported in Table I (second line). In the same way,

To test the quality of the JANUS fitting function ontwo discrete exponentials should fit the data much better
experimental phase and demodulation data, we attemptedsimulated with narrower Lorentzian functions than those
to reproduce real asymmetrically distributed fluorescencereported in Figs. 1a and 3a. Furthermore, the quality of
decay using a mixture of noninteracting fluorophores.the different fitting models may be also influenced by
Five fluorescent molecules were selected with a single-another important property of the lifetimes ensemble, {t},
exponential decay in the range of a few nanoseconds,chosen to simulate the dynamic fluorescence data: the
obtaining the following results and reduced chi-squareeventual asymmetry in the preexponential factors. At this
values when measured independently: p-therphenyl (t 5

regard we introduced both the asymmetry of two discrete
1.03 ns, x2 5 1.0), POPOP (t 5 1.33 ns, x2 5 1.1),

lifetimes and that of a JANUS distribution (see Materials
a-NPO (t 5 2.08 ns, x2 5 1.1), aniline (t 5 2.65 ns,

and Methods). Then we have simulated several data sets, x2 5 1.5), and anthracene (t 5 4.62 ns, x2 5 1.1). Then
varying the ratio of the preexponential factors, rD 5 a2/ three mixtures of POPOP and anthracene were prepared
a1, or the ratio of the two widths, rJ 5 wR/wL, in the (90:10, 85:15, and 75:25%) to obtain double-exponential
discrete or in the JANUS model, respectively, keeping decays with different preexponential factors (Table II).
constant the lifetime values (t1 and t2), the center (C ), When the phase-shift and demodulation data for each
and the full width (wL 1 wR)/2 of the distribution. The mixture were analyzed in terms of distributed lifetime
data were fitted with the three decay models and the respec- models, the best-fitting functions reported in Fig. 7 were
tive chi-square values are reported in Fig. 6. obtained (see also Table II). Using the JANUS function,

First, let us discuss the analysis of the simulations a low chi-square value was obtained only when a strong
obtained with the two discrete lifetimes, varying, rD, the asymmetry in the two discrete lifetimes (rD ' 0.075;

Fig. 7a) was present. In fact, as observed in the case ofasymmetry of the two preexponential factors (Fig. 6a). In
simulated data (Figs. 6a–c), the quality of the fit is worsethis case the worst chi-square values were obtained when
when the two discrete lifetimes have more similar preex-a1 ' a2 (i.e., rD ' 1), fitting the data with both symmetric
ponential factors (Figs. 7b and c and Table II).and asymmetric distributions of lifetimes. When one of

More complex fluorescence decays were obtainedthe two preexponential factors was considerably larger
using mixtures of all five fluorophores. In Fig. 8 threethan the other (i.e., rD À 1 or rD ¿ 1), no difference
distinct situations are shown corresponding to differentwith the discrete fit was observed (Fig. 6a). A reduced
relative concentrations of the five molecules (filled bars).difference between the two lifetime values (Figs. 6b and
The results of the data analysis reported in Table IIIc) produced a considerable improvement in the quality of
clearly show the better quality of the JANUS function inthe distributed fits.
fitting the measured phase and modulation data. Actually,Simulations obtained with the Janus function (Fig.
both the discrete and the Lorentzian distribution display6d) could be satisfactorily fitted with a symmetric
a trend in their calculated chi-square values as the asym-

Lorentzian only when rJ ' 1, i.e., when wL 5 wR. The
metry is increased from rJ ' 0.4 to rJ ' 5.8. On the other

double-exponential fit gave high chi-squares for almost all hand, the right width of the asymmetrical distribution
rJ values. However, when the simulations were repeated correctly increases, as the longer-lifetime components
with narrower full widths of the JANUS function (Figs. (aniline and anthracene) become more important (Figs.
6e and f), the difference in the three fits was consider- 8b and c).
ably reduced.

In conclusion, a clear discrimination between an
Analysis of Protein Decaysasymmetric Lorentzian function and two discrete lifetimes

was possible in two cases: when the simulation was per- To test the quality of the JANUS model as a new
formed with large distributions of lifetimes (Figs. 6d and fitting function for tryptophan and tyrosine fluorescence
e), or when the decay was simulated using two lifetimes decay, we measured the fluorescence dynamics of three
far apart from each other (Figs. 6a and b), with similar single fluorophore-containing proteins: bovine and bacte-

rial superoxide dismutase (BSOD, PSOD) and phospho-preexponential factors (rD ' 1).
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Fig. 6. Reduced chi-square values obtained fitting simulated data with a JANUS function (circles), two
discrete exponentials (triangles), and a symmetric Lorentzian distribution (squares). The results reported in
a–c correspond to the best fits of phase and modulation data simulated with double-exponential decay functions.
Those reported in d–f are the best chi-squares obtained fitting the data simulated with different JANUS
functions (centered at C 5 2 ns).

fructokinase (PFK). The best-fit parameters are reported containing a single tyrosine residue whose emission decay
has been studied by Ferreira et al. [13] and fitted byin Table IV.

BSOD is a dimer of two identical subunits, each both discrete and continuous lifetime models. Despite the
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Table II. Fluorescence Decay Parameters for Three Mixtures of POPOP/Anthracenea

JANUS Two exponentials Lorentzian

Sample x2 C (ns) wL/2 (ns) wR/2 (ns) x2 t1 (ns) t2 (ns) a1 (%) x2 C (ns) w (ns)

20.08 20.03 20.04 20.10 20.47 20.06 20.13 20.11
Fig. 7a (rD 5 0.08) 1.7 1.14 0.04 0.22 1.0 1.34 4.81 0.93 2.9 1.36 0.49

10.10 10.02 10.05 10.08 10.14 10.06 10.10 10.10
20.18 20.02 20.05 20.05 20.38 20.05 20.15 20.09

Fig. 7b (rD 5 0.16) 3.5 1.12 0.03 0.32 1.0 1.34 4.71 0.86 4.8 1.43 0.77
10.19 10.02 10.07 10.09 10.22 10.06 10.16 10.21
20.25 20.05 20.11 20.06 20.24 20.04 20.14 20.13

Fig. 7c (rD 5 0.32) 19 1.25 0.05 0.47 1.2 1.35 4.96 0.76 15 1.69 1.11
10.38 10.03 10.12 10.06 10.42 10.08 10.12 10.25

a x2: reduced chi-square value. C, t1, t2: center of the distribution or discrete lifetime value. a1: preexponential factor of the first component (a1 1

a2 5 1). wL, wR, w: width of the lifetime distribution.

lower chi-square value found using a double-exponential The fluorescence dynamics of PFK from Bacillus
stearothermophilus has been investigated by Barkley andfunction, the authors preferred a Lorentzian-distributed
co-workers and the emission decay of the single trypto-decay, on the basis of an F-statistical analysis [13]. In
phan residue was fitted using a double-exponential func-Table IV we report both the parameters obtained by tradi-
tion [24]. In this case the analysis of chi-square valuestional methods and the results achieved with the JANUS
and residuals reveals that it is not possible to fit thedistribution. With the asymmetric function an improve-
data using both symmetric and nonsymmetric Lorentzianment in the chi-square value was obtained, despite its
functions (Table IV).being at the limit of the F statistics (5% confidence), with

The three cases just discussed were considered torespect to the Lorentzian function. A better discrimination
compare the results of two fitting functions which containbetween the JANUS and the Lorentzian comes from the
only three free parameters, namely, the double-exponen-analysis of weighted residuals: in fact the Smirnov–
tial decay and the JANUS model. However, it is wellKolmogorov test demonstrates that only in the first case
known that proteins in solution exhibit an ensemble ofare residuals randomly distributed around zero. Interest-
interconverting conformational substates, and very often,ingly, with the JANUS a relevant asymmetry (rJ ' 1.93)
more than two discrete lifetimes are required to fit proteinin the shape of the lifetime distribution was obtained
fluorescence decays adequately [25]. In this regard, we(Table IV).
also attempted to analyze the data using a three-exponen-Like BSOD, the bacterial PSOD from Photobacte-
tial decay. The best fluorescence lifetime sets obtainedrium leiognathi is also a homodimer but contains a buried
for BSOD, PSOD, and PFK are reported in Fig. 9 togethertryptophilic residue per subunit [18]. The dynamic fluo-
with the weighted residuals and the results obtained withrescence of the apoprotein has recently been studied by
the JANUS analysis (Table IV).phase-shift and demodulation techniques and the emis-

In all cases the analysis of residuals demonstratession decay has been interpreted in terms of a Lorentzian
that the asymmetric Lorentzian fit can hardly be distin-distribution of lifetimes, centered around 1.3 ns [18]
guished from the discrete analysis. However, it is worth(Table IV). In this case no improvement in the quality
mentioning that in the new function there are only threeof the fit was obtained using the JANUS function (Table
free parameters, while five variables are used in the three-IV), which in fact is characterized by an asymmetry value
exponential decay.close to 1 and by a full width [(wL 1 wR)/2 5 1.04 ns]

identical to that obtained with the symmetrical
Lorentzian. This result, which could be expected on the The Skewed Gaussian
basis of the low chi-square value already obtained with
two free parameters in the fit (center and width), is The skewed Gaussian is another nonsymmetrical
important because it demonstrates that the JANUS and function, which can also be used to fit heterogeneous

spectroscopical processes in proteins [8]. Like thethe Lorenztian give the same results when rJ 5 1.



330 Mei, Di Venere, De Matteis, Lenzi, and Rosato

Fig. 8. Profile of the JANUS (solid line) and the symmetric Lorentzian
Fig. 7. Profile of the JANUS (solid line) and the symmetric Lorentzian (dashed line) distributions used to fit a fluorescence decay obtained by
(dashed line) distributions used to fit a fluorescence decay obtained by mixing five monoexponential fluorophores (filled bars).
mixing two monoexponential fluorophores (filled bars).

ans to fit the data simulated with a skewed Gaussian
(data not shown). In the case of a mixture of fluoro-JANUS function, it contains only three free parameters,

namely, the center and width of the distribution (C, W ) phores, the JANUS fit and the skewed Gaussian give
similar results, as long as the asymmetry is low (linesand the skewness (S), a parameter which indicates the

asymmetry of the Gaussian distribution (S 5 0 for a 4 and 5 in Table V). As expected, when the asymmetry
in the lifetime fractions increases (see Fig. 8) a corres-symmetrical function). In Table V the results of the fits

obtained with the skewed Gaussian for both simulated ponding increase in the skewness value can be observed
(from line 4 to line 6 in Table V). The nonsymmetricand experimental data are reported. The high chi-square

values reported in the first and third lines in Table V Gaussian failed to fit the PSOD file, while in the case
of BSOD the accuracy of the fit was similar to thatdemonstrate that (in these cases) the skewed Gaussian

could not be used to fit the data simulated with obtained using the JANUS distribution (Tables IV and
V). For the third protein, PFK, the skewed Gaussian gaveLorentzian-shaped functions. A similar result was

obtained using symmetric and nonsymmetric Lorentzi- better results than the JANUS function. Interestingly,



Asymmetrical Distribution of Fluorescence Lifetimes 331

Table III. Fluorescence Decay Parameters for Three Mixtures of Five Noninteracting Fluorophoresa

JANUS Two exponentials Lorentzian

Sample x2 C (ns) wL/2 (ns) wR/2 (ns) x2 t1 (ns) t2 (ns) a1 (%) x2 C (ns) w (ns)

20.07 20.02 20.04 20.09 20.22 20.05 20.12 20.07
Fig. 8a (rj 5 0.4) 1.0 2.16 0.20 0.08 1.0 1.75 2.75 0.72 1.0 1.99 0.17

10.10 10.02 10.06 10.08 10.12 10.04 10.09 10.08
20.05 20.02 20.05 20.14 20.25 20.05 20.12 20.09

Fig. 8b (rj 5 2.6) 1.0 1.97 0.10 0.26 1.2 1.98 3.40 0.79 1.4 2.20 0.44
10.16 10.02 10.06 10.10 10.20 10.06 10.08 10.20
20.20 20.02 20.09 20.06 20.31 20.05 20.11 20.16

Fig. 8c (rj 5 5.8) 1.0 1.82 0.08 0.46 1.5 2.06 4.68 0.84 5.5 2.29 0.86
10.08 10.03 10.12 10.06 10.38 10.07 10.12 10.22

a x2: reduced chi-square value. C, t1, t2: center of the distribution or discrete lifetime value. a1: preexponential factor of the first component (a1 1

a2 5 1). wL, wR, w: width of lifetime distribution.

a better fit was also obtained for a simulated double- the limiting steps of the traditional fits. In particular,
the analysis of the simulations reported in this paperexponential decay (line 2 in Table V), where, again, the

JANUS model failed to fit the data. revealed that the advantage of the JANUS and the
skewed Gaussian distributions is particularly evidentIn conclusion, nonsymmetric distribution of life-

times offer new possibilities in the analysis of dynamic when a strong asymmetry is present in the lifetime set,
required to fit the data. Finally, the results obtainedfluorescence data. At the moment this approach is

strictly empirical, since a physical model explaining the with three selected proteins, although rather preliminary,
suggest that the two nonsymmetric functions have aorigin of these distributions is still missing. However,

having the same degrees of freedom of the double-expo- complementary character which might provide a valid
alternative to discrete models.nential decay, both the JANUS and the skewed Gaussian

are statistically more appropriate than the symmetric
Lorentzian, when a comparison between the discrete and ACKNOWLEDGMENTS
the continuously distributed model is required. For these
functions the independence between the right and the The authors wish to thank Dr. Enrico Gratton for

discussion and comments on the manuscript and Dr.left tails allows us to fit the data without fixing a priori
the shape of the distribution, which is instead one of Desideri for the gift of purified PSOD.

Table IV. Fluorescence Decay Parameters of Bovine SOD, Bacterial SOD, and PFKa

JANUS Two exponentials Lorentzian

Sample x2 C (ns) wL/2 (ns) wR/2 (ns) x2 t1 (ns) t2 (ns) a1 (%) x2 C (ns) w (ns)

20.10 20.02 20.05 20.12 20.40 20.04 20.11 20.07
BSOD 1.3 1.70 0.27 0.52 2.1 1.29 3.17 0.72 2.4 1.99 0.80

10.09 10.02 10.05 10.09 10.23 10.04 10.10 10.06
20.08 20.02 20.05 20.09 20.19 20.04 20.10 20.07

PSOD 1.0 1.34 0.54 0.50 7.3 0.81 2.60 0.75 1.0 1.31 1.03
10.11 10.03 10.04 10.08 10.31 10.05 10.09 10.10
20.35 20.21 20.19 20.06 20.23 20.04 20.41 20.15

PFK 6.0 4.71 2.23 0.60 1.2 1.28 4.98 0.27 17 3.64 1.36
10.50 10.32 10.12 10.05 10.18 10.03 10.22 10.23

a x2: reduced chi-square value. C, t1, t2: center of the distribution or discrete lifetime value. a1: preexponential factor of the first component (a1 1

a2 5 1). wL, wR, w: width of the lifetime distribution.
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Fig. 9. Fluorescence lifetimes of BSOD (a), PSOD (b), and PFK (c), obtained with the
JANUS function (solid line) and a three-exponential model (bars). Inset: The phase (triangles)
and modulation (circles) residuals are reported as a function of the frequency modulation of
the laser source in the case of the JANUS function (solid line, filled symbols) and a three-
exponential model (dashed line, open symbols).
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Lakowicz (1991) J. Fluoresc. 1, 273–286.Sample x2 S C (ns) w (ns)
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