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We used frequency-domain fluorescence spectroscopy to measure the fluorescence lifetime and anisotropy decays of indole in
propylene glycol, and of the tryptophan emission of melittin monomer and tetramer in water solutions at 5°C. We obtained an
increase in resolution of the anisotropy decays by using multiple excitation wavelengths, chosen to provide a range of fundamental
anisotropy values. The multi-excitation wavelength anisotropy decays were analyzed globally to recover a single set of correlation
times with wavelength-dependent anisotropy amplitudes. Simulated data and x% surfaces are shown to reveal the effect of
multi-wavelength data on the resolution of complex anisotropy decays. For both indole and melittin, the anisotropy decays are
heterogeneous and require two correlation times to fit the frequency-domain data. For indole in propylene glycol at 5°C we
recovered correlation times of 0.59 and 4.10 ns, which appear to be characteristic of the rigid and asymmetric indole molecule. For
melittin monomer the correlation times were 0.13 and 1.75 ns, and for melittin tetramer 0.12 and 3.96 ns. The shorter and longer

correlation times of melittin are due to segmental motions and overall rotational diffusion of the polypeptide.

1. Introduction

Fluorescence anisotropy decays of rigid mole-
cules provide information on the size and shape of
the molecules, and on the interactions of fluoro-
phores with solvent molecules [1-4]. Recently,
Fleming et al. [3,5] and Lakowicz et al. [6,7] mea-
sured and discussed slip and stick boundary con-
ditions in the rotational hydrodynamics of rigid
organic fluorophores. Complex phenomena also
govern the anisotropy decays of biological macro-
molecules. In addition to slip and stick diffusive
motions of the fluorophores, the anisotropy de-
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cays are influenced by segmental motions of the
polypeptide backbone and overall rotational diffu-
sion of the proteins. Consequently, the anisotropy
data provide the same information as for rigid
molecules, but can also reveal the extent of seg-
mental flexibility [8-10]. For a rigid spherical
molecule (few, if any, macromolecules are rigid
and spherical) the anisotropy decays as a single
exponential. Multiexponential anisotropy decays
are expected for asymmetric proteins [11,12] and
asymmetric aromatic molecules [13-15]. Still more
complex anisotropy decays are expected for
hindered probes in membranes and for macro-
molecules with segmental flexibility [16,17]. The
main difficulty in the use of anisotropy decays is
obtaining adequate data to recover closely spaced
rotational correlation times. This difficulty is due
to the subnanosecond time scale of many rota-
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tional processes, and the need to perform accurate
anisotropy measurements on this time scale.

In the present paper we report the resolution of
two correlation times which describe the ani-
sotropy decays of indole and melittin. We ob-
tained improved resolution of the multiple correla-
tion times by two means. Firstly, anisotropy data
were obtained in the frequency domain [18,19]
which is now known to provide good resolution of
rapid and/or complex anisotropy decays [20-22].
Secondly, the data were obtained at several excita-
tion wavelengths at which the fundamental am-
sotropies (ry) are distinct, followed by global anal-
ysis to recover a single set of correlation times. It
is known that for different values of r, the various
correlation times contribute differently to the ani-
sotropy data [23,24] because of the changing posi-
tion of the transition moments relative to the
molecular axes. Additionally, we described simu-
lated data to illustrate the form of the data, and
the effect of multi-wavelength data on the resolu-
tion of closely spaced correlation times.

2. Theory

The anisotropy decay at each excitation wave-
length (A) can be described by a sum of exponen-
tials,

r)‘(t)=>:r0hg,- exP(_l/oi) oY)

where ] is the limiting anisotropy at A and 6, are
the correlation times. The value of ry'g; represents
the amplitude of the anisotropy which decays via
the i-th correlation time. In the present paper we
assumed during the analysis that the value of rg
was not known, so that the variable amplitude is
given by the product. Hence, there are i variable
amplitudes (r3g,) for each excitation wavelength.
This representation is convenient in that the value
of ry'g, is sometimes known. In this case the
variable becomes g, with ¥ g, = 1.0. It should be
noted that the correlation times are related, but
not equal to, the rotational diffusion coefficients
of the fluorophore about the principle axes {1,8,12].
The value of r depends upon the angle between
the absorption and emission transition moments

at each excitation wavelength. This dependence in
turn alters the relative contribution of each rota-
tional motion to the anisotropy data.

In the frequency domain the measured values
are the phase angle difference between the parallel
() and perpendicular ( L ) components of the fluo-
rescence (A, =¢, —¢,) and the ratio of the
polarized and modulated components of the emis-
sion (A} = m/m ), each measured over a range
of modulation frequencies (w). The parallel and
perpendicular components of the emission are
given by

LN =312 (0)[1 + 2.2 ()] (2)
1} () =33(0)[1 - r(0)] (3)

where 1,(¢) is the decay of the total emission.
Calculated values (4., and A_,) are obtained
using

A A
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and i represents parallel or perpendicular.
Frequency-domain data were obtained at several
excitation wavelengths and were analyzed to re-
cover one or two correlation times by the method
of nonlinear least-squares [25,26]. The goodness-
of-fit is estimated from the value of reduced chi-
squared

2 __ 1 Alw_Atm l AAld_Atw
Xk=y &\ Tea, | Ty s\TaA,

w

2

(8)

where » is the number of degrees of freedom, and
64, and 8A , denote the uncertainties in the mea-
sured quantities. For both simulations and analy-
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sis the uncertainties were assumed to be 64 = 0.2°
and 64 = 0.005, independent of the modulation
frequency.

The modulation ratio A, can be presented in
modified form as the modulated anisotropy

2= (A - 1)/(4 +2) NG

At low modulation frequencies r is nearly equal

to r* (the steady-state anisotropy). At high mod-
ulation frequencies r) approaches rg' (the funda-

mental anisotropy).

3. Materials and methods

Indole was recrystallized from petroleum ether.
Melittin (from Serva Fine Biochemicals, Garden
City Park, NY, cat. no. 51560) is claimed to be
pure by high-performance liquid chromatography
(HPLC) and free of N-formylmelittin. Examina-
tion of solvents (propylene glycol or the buffer, 10
mM Tris, pH 7) revealed no significant fluores-
cence or scatter at any of the excitation wave-
lengths. Frequency-domain data were obtained on
the instrument described previously [19], modified
as follows. To obtain suitable wavelengths for
excitation at and below 300 nm, this instrument
was equipped with a continuous ultraviolet laser
light source. This source consisted of an argon ion
laser (Coherent, Innova 15) and a ring dye laser
(model 699). The dye was rhodamine 6G. Con-
tinuous ultraviolet radiation is obtained from a
temperature tuned doubling crystal KDP. This
ultraviolet radiation was then modulated using a
Lasermetrics 1042 electro-optic modulator. The
emission was observed through a WG 320 filter.

4. Results
4.1. Stimulations for a rigid rotator

Rigid, nonspherical molecules can display mul-
tiexponential anisotropy decays. We estimated the
effects of global analysis of the multi-wavelength
data and global analysis on the resolution of
closely spaced correlation times by the use of
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Fig. 1. Simulated differential phase and modulated anisotropy
data for a rigid nonspherical molecule. The assumed parameter
values are shown.

simulated frequency-domain data. The frequency
range of the simulations was from 2 to 200 MHz,
the upper frequency being the practical limit of
the electro-optic modulation and detector use in
this configuration of our frequency-domain fluo-
rometer [19]. Data were simulated using an as-
sumed single-exponential lifetime of 5 ns, and
correlation times of 1 and 7 ns. Five different r,
values were assumed, ranging from 0.3 to —0.1
(fig. 1). This ratio of correlation times is expected
for small disc-like molecules and can be consid-
ered representative of the out-of-plane and in-
plane rotations in solutions of modest viscosity.
Examination of the simulated data shows that the
differential phase angles are strongly dependent
upon ry, and that the values of 4, become nega-
tive for negative r; values. Interestingly, nonzero
values of 4, both positive and negative, are found
when 7, = 0.0. This can only occur for an asym-
metrically rotating molecule, as was first pointed
out by Weber [31] for the temperature dependence
of the steady-state anisotropy. The observation of
nonzero differential phase angles at 7, = 0 can be
regarded as proof of more than one rate of rota-
tional diffusion. A similar effect r, = O is seen for
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the modulated anisotropies (fig. 1, lower panel),
except that it appears that higher frequency data
are peeded to observe the change in values of r,
from positive to negative.

Table 1 shows the results of global analysis of
simulated data for five wavelengths or r, values.
The recovered amplitudes and correlation times
are in excellent agreement with the assumed val-
ues. The single-correlation-time fit gives an un-
acceptably high value of x% = 133.1, whereas the
global fit yields x% = 1.10.

We questioned the uncertainties in the re-
covered correlation times and amplitudes in the
case of multi-wavelength and single-wavelength
simulated data. We examined the values x% as
each correlation time was varied about the value
yielding the x% minimum (fig. 2). Using this fixed
value the least-squares analysis was performed
again, allowing the remaining correlation times
and all the amplitudes to vary, yielding the mini-
mum value of x% consistent with the fixed corre-
lation time. Since all the other parameters vary
during reanalysis, this procedure should account
for all correlations between the parameter values.
This computation was performed for both the
single- (top) and multi-wavelength (bottom) simu-
lated data. The uncertainty in the correlation times
depends upon the r, value. The best resolution
(lowest uncertainty) is obtained at the highest r,
value. For global analysis (fig. 2, bottom) the
uncertainty is about 50% lower than for the best
single (highest r,) file. The dashed line in fig. 2
indicates the value of x% expected 33% of the
time due to random errors in the data. For lack of
a rigorous theory for uncertainties, we take this

Table 1
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Fig. 2. Correlation time x% surfaces for simulated frequency-
domain anisotropy data for a rigid rotator (fig. 1). (Top)
Single-wavelength (single 7)) data. (Bottom) Global analysis
for five r, values. The dashed lines indicate the value of x}
expected 67% of the time due to random errors in the data.

elevation in x% as defining the uncertainty in the
correlation times. The effect of global analysis of
multi-wavelength data is both to sharpen the x%
surface, and to increase the significance of the
elevated x% due to the increased number of data
points. Given the difficulty of obtaining the
multi-wavelength data, the increase in resolution,
above that which is obtainable from the single
best (highest #,) file, is modest. Hence, this proce-
dure is probably only justified for the most critical

Global analysis of simulated frequency-domain anisotropy data, with a single-exponential intensity decay 7 =5 ns and a double-
exponential anisotropy decay with correlation times of 1 and 7 ns

o Assumed Recovered 8, (ns) 9, (ns) xk
’0’\81 ’0)\32 "07\81 "0)\32
0.3 0.10 0.20 0.099 0.199 1.02 7.00 1.10
0.2 0.05 0.15 0.049 0.150
0.11 0.01 0.10 0.010 0.101
0.0 —-0.05 0.05 —0.05 0.05
—0.03 —-0.10 0.01 -0.10 0.011
One correlation time fit 4.32 - 1331
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Fig. 3. Anisotropy (—) and absorption (---) spectra of indole

in propylene glycol at —60° C. The arrows indicate excitation

wavelengths, used for collecting the frequency-domain ani-
sotropy data.

applications, for which a range of suitable wave-
lengths (r, values) is available and for which one
requires the maximum possible resolution of the
correlation times.

4.2. Indole in propylene glycol

Indole is a useful test compound for the resolu-
tion of complex anisotropy decays. Indole is
asymmetric and most probably displays different
rotational rates about each molecular axis. Ad-
ditionally, the well-known presence of two elec-

tronic transitions ('L, and 'L,) results in an
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Fig. 4. Differential phase and modulated anisotropy data for
indole in propylene glycol at 5° C. The excitation wavelengths
are shown.

anisotropy spectrum which is strongly dependent
upon the excitation wavelength (fig. 3). These
steady-state anisotropies were obtained using the
ring dye laser as the excitation source, without any
intensity modulation. The arrows indicate the
wavelengths chosen for collection of the fre-
quency-domain anisotropy data. The wavelengths
provide ' values ranging from 0.296 to 0.051.
The intensity decays of indole in propylene glycol
at 5°C (not shown) were found to be essentially
independent of the excitation wavelength, and very

Table 2

Global analysis of frequency-domain anisotropy data for indole in propylene glycol at 5°C

Aexe (nm) o 8 B8 8 (ns) 6, (ns) xk
300 0.296 * 0.104 0.190 0.59 4.10 1.1
297 0.275 0.063 0.189

294 0.237 0.050 0.163

286 0.203 0.040 0.142

282 0.130 0.014 0.111

288 0.088 0.007 0.077

290 0.051 0.002 0.048

One correlation time fit 3.10 - 18.8

* From the anisotropy spectrum at —60° C (fig. 3).
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Fig. 5. Correlation time x% surfaces for indole in propylene

glycol at 5°C. (Top) Single-wavelength data (with highest rp).

(Bottom) Global analysis for five excitation wavelengths. The

dashed lines indicate the value of x% expected 67% of the time
due to random errors.

close to a single-exponential decay under our ex-
perimental conditions. We used an average value
of 4.71 ns.

Differential phase and modulated anisotropy
data for indole in propylene glycol at 5°C are
presented in fig. 4. Two correlation times are
needed to fit data, 0.59 and 4.10 ns (table 2). It
was not possible to fit the data using a single

Table 3

J.R. Lakowicz et al. / Frequency-domain fluorometry and multi-wavelength global analysis of anisotropy decay

correlation time, and this attempt resulted in an
18-fold increase in x%. The recovered anisotropy
amplitudes were found to be strongly dependent
upon the excitation wavelength. Importantly, the
sum of the amplitudes at each wavelength agreed
with the fundamental anisotropy at this wave-
length (table 2).

The correlation time x % surfaces for the corre-
lation times of indole in propylene glycol are
shown in fig. 5. As predicted by the simulations,
there is an approx. 50% reduction in the uncer-
tainties resulting from global analysis of data ob-
tained at seven excitation wavelengths. The uncer-
tainties from the global analysis are about 0.2 and
0.3 ns for shorter and longer correlation times,
respectively. Once again we note that a single
measurement at the highest value of », is an
efficient way to recover the correlation times for
an asymmetric molecule.

4.3. Simulations for a flexible peptide

It is interesting to simulate the frequency-do-
main data expected for a flexible protein. Most
proteins display nonexponential intensity decays
[27-30], and hence we chose a double-exponential
decay with decay times 0.8 and 4 ns and amph-
tudes of 0.5 each. Due to segmental motions of
short regions of the peptide, and torsional motions
of the indole ring, protein anisotropy decays may
display short components in the range of tens to
hundreds of picoseconds. For the simulations we
chose two correlation times of 0.1 and 4 ns. The

Global analysis data for simulated (protein-like) anisotropy data with a double-exponential intensity decay * (v =0.8 and 4 ns,
a; = o) and double-exponential anisotropy decay with 0.1 and 4 ns

e Assumed Recovered 6, (ns) 8, (ns) X%
fo’\ & 3 82 "o)‘81 g2
03 0.16 0.14 0.163 0.141 0.09 3.95 1.0
0.24 0.12 0.12 0.129 0.120
0.18 0.08 0.10 0.083 0.101
0.12 0.04 0.08 0.035 0.081
0.07 0.01 0.06 0.007 0.060
One correlation time fit 3.05 - 7.8

“ The intensity decay is given by I(r) = ¥,e;e~"/™.
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Fig. 6. Simulated differential phase and modulated anisotropy

data using parameters expected for a flexible peptide. The

assumed correlation times for segmental motions of the fluoro-

phore and for overall rotational diffusion are 0.1 and 4.0 ns,
respectively.
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Fig. 7. Correlation time x& surfaces for simulated data for a
flexible peptide. (Top) Single-wavelength files. (Bottom) Global
analysis. The dashed lines indicate the value of x3 expected
67% of the time due to random errors.

limiting anisotropy was chosen to be comparable
to that of tryptophan, and we chose five values
from 0.3 to 0.07. The files were analyzed individu-
ally and globally (table 3). Fig. 6 shows the dif-
ferential phase and modulated anisotropy data, as
well as the global fit to these data. For modulation
frequencies higher than 200 MHz the short com-
ponents in the anisotropy decay dominate the
differential phase angles. This is especially ap-
parent for the high r values where the simulated
curves increase rapidly above 200 MHz (fig. 6).
The two correlation times obtained from global
analysis were in agreement with the simulated
values, as were the 73 values. The single-correla-
tion-time fit resulted in a 7.8-fold increase in x%
as compared to the two-component fit. The x%
surfaces for the single file and global fits are
presented in fig. 7. It should be noted that for
excitation with ;' lower than 0.2 it is difficult to
recover the shorter correlation time, especially if
the data are obtained for a single excitation wave-
length. Hence, if one wishes to measure correla-
tion times nonglobally, then the excitation wave-
length should be chosen carefully, and preferably
at the value yielding the highest value of 7}

4.4. Melittin monomer and tetramer

Melittin provides a useful protein to test the
concept of multiexcitation wavelength anisotropy
data. Melittin contains a single tryptophan re-
sidue, and no tyrosine residues, so that one can
exclude energy transfer as a contributor to the
anisotropy decay. Additionally, melittin can exist
in a monomeric random-coil state at low ionic
strength, or as an «-helical tetramer at high ionic
strength, and one expects different anisotropy de-
cays from this distinct form.

Fig. 8 shows the steady-state anisotropy spectra
of melittin monomer and tetramer in a mixture of
propylene glycol and water (70:30) at —60°C.
The arrows show the excitation wavelengths used
for the frequency-domain experiments. Under
these conditions, there is no diffusive motion, so
that the measured anisotropies are expected to be
the fundamental anisotropies. Except for the red-
edge region of the spectra, the r, values for melit-
tin tetramer are slightly lower than for melittin
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Fig. 8. Anisotropy spectra for melittin in mixture of propylene
glycol-water (70:30) at —60°C. The arrows indicate excita-
tion wavelengths.

monomer. This result is consistent with energy
migration between the tryptophan residues in the
tetramer, assuming the protein remains in the
tetrameric state in the propylene glycol-water mix-
ture. The apparent absence of energy transfer at
300 nm excitation is in agreement with previous
studies, which interpret this red-edge effect as
being due to an unusual electronic transition {32].
This phenomenon is now thought to be due to the
decreased spectral overlap resulting from red-edge
excitation shifts [33-36). 1t is difficult to be cer-
tain with regard to the possibility of energy trans-
fer between the tryptophan residues. The Forster
distance for indole-indole transfer in cyclohexane
is 14.8 A [37]. This distance is comparable to the
distance between the tryptophan residues in melit-
tin tetramer, which are 8 and 27 A for the more
closely spaced and more distant pairs in the tetra-
mer [38]. However, the Forster distance for
indole-indole transfer in protic solvents, where the
Stokes’ shift is larger, is near 4A [38], so that little
energy transfer is expected. In any event, the
differences in the anisotropy spectra of melittin
monomer and tetramer are small, so that Trp-Trp
energy transfer does not appear to contribute sig-
nificantly to the anisotropy decay.

The fluorescence intensity decays of melittin
monomer and tetramer show no significant depen-

Table 4

Multiexponential intensity decay analysis of melittin monomer
and tetramer at 5°C

T (ns) e f; Xk
Melittin .
monomer 3.46 1 1 156.7
1.20 0.399 0.149
4.57 0.601 0.851 3.2
0.24 0.343 0,032
2.58 0.374 0.377
535 0.283 0.591 1.1
Melittin
tetramer
(2 M NaCl) 2.67 1 1 167.6
118 0.519 0.244
3.94 0.981 0.756 3.7
031 0.341 0.050
233 0.497 0.553
515 0.161 0.397 14

dence on excitation wavelength. Table 4 contains
data obtained from multiexponential analysis of
intensity decays for melittin monomer and tetra-
mer. Three decay times are needed to fit the data
in both states.

Figs 9 and 10 show frequency-domain ani-
sotropy data for melittin monomer and tetramer,
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Fig. 9. Differential phase and modulated anisotropy data for
melittin monomer.
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Fig. 10. Differential phase and modulated anisotropy data for
melittin tetramer.

respectively. In both cases two correlation times
are needed to fit the experimental data. Ani-
sotropy decay parameters recovered from global
analysis (correlation times and amplitudes) for
melittin are listed in table 5. In these analyses the
total anisotropies (r]') were floating parameters.

16 MELITTIN MONOMER,H30, 5°C

x% — =~ Exc.300 nm
Exc. 291,293,284,295,297 and 300 nm

16 MELITTIN TETRAMER (2M NacCl)

Xz - = - Exc.300 nm
R Exc. 201, 293,204, 295,297 ond 300 nm

1
02 031 2

(B >ng)
Fig. 11. Correlation time x& surfaces for melittin. (Top) Melit-
tin monomer. (Bottom) Melittin tetramer. The dashed lines
indicate the values of x% expected 67% of the time due to
random errors.

For melittin tetramer the longer correlation time is
2.5-fold higher than for the monomer, which is
consistent with the larger hydrodynamic size of
the tetramer. The shorter correlation time of the
tetramer is only slightly lower than that found for

Table 5
Global analysis data for anisotropy decay of melittin in 10 mM Tris (pH 7) at 5°C
) o 5% 0'8; 8, (ns) 8, (ns) X&
Melittin monomer
300 - 0305 0.188 0.136 0.13 1.75 1.1
297 0.258 0.150 0121
295 0.210 0.094 0.118
294 0.172 0.071 0.107
293 0.115 0.017 0.088
291 0.082 0.019 0.067
One correlation time fit 1.37 - 45
Melittin tetramer
300 0.300 0.096 0.190 0.11 3.96 11
297 0.246 0.089 0.154
295 0.200 0.082 0.123
294 0.158 0.060 0.099
293 0.086 0.029 0.069
291 0.058 0.008 0.055
One correlation time fit 3.22 - 38

? From the anisotropy spectrum at — 60 ° C (fig. 8).



250 J.R. Lakowicz et al. / Frequency-domain fluorometry and multi-wavelength global analysis of anisotropy decay

the monomer. The limiting anisotropies recovered
from analysis (Xr)'g,) are in relatively good agree-
ment with measured values of r;. Fig. 11 shows
the correlation time x% surfaces for melittin
monomer and tetramer, for the best single file and
for global analyses. The global analysis yields
about 20% less uncertainty for the longer correla-
tion times, but shorter correlation times are sig-
nificantly better estimated using global analysis.

5. Discussion

We used global analysis of simulated and ex-
perimental frequency-domain anisotropy data to
recover multiple correlation times of asymmetric
and /or flexible molecules. We examined two ex-
perimental cases; the anisotropic rotation of in-
dole in propylene glycol and the segmental mo-
tions of melittin in the monomeric and the tetra-
meric states. In each case there are different origins
for the multiexponential anisotropy decays. For
indole in propylene glycol we obtained two corre-
lation times, 0.59 and 4.1 ns; the shorter correla-
tion time may be related to an in-plane rotation,
and the longer correlation time to an out-of-plane
rotation. It is also possible that rotational diffu-
sion of indole in propylene glycol occurs with
partial ‘stick’ and ‘slip’ boundary conditions, and
that these processes contribute to the observed
double-exponential anisotropy decay.

It seems likely that additional processes are
responsible for the short and long correlation times
of melittin. In both the monomer and the tetra-
mer, the short correlation time is near 100 ps. This
component is probably due to segmental motions
of the tryptophan and the nearby amino acids.
The correlation time for indole in water is near 50
ps [21], so that the indole torsional motions are
only slightly slowed by the attached and/or ad-
jacent peptide chain.

The data for melittin tetramer may be slightly
distorted because of energy migration between the
tryptophans. However, we believe that energy
transfer plays an insignificant role in the ani-
sotropy decay of melittin, Additionally, some exci-
tation wavelengths were on the red edge of the
anisotropy spectrum (fig. 8), where energy transfer

is known to fail [32]. Additionally, we note that
the multi-wavelength method is limited to proteins
which lack tyrosine residues. If one or more tyro-
sine residues were present, then the shorter wave-
length excitation would result in tyrosine excita-
tion, with subsequent energy transfer to and de-
polarization of the tryptophan emission.

Finally, we note that the use of multiexcitation
wavelengths resulted in only a modest increase in
resolution of the correlation times. Given the in-
creased time and difficulty of obtaining the data,
such measurements are only justified in experi-
mental situations which demand the highest at-
tainable resolution. We previously described an
alternative approach, in which the fluorescence
lifetime is varied by collisional quenching [7,15,21]
and/or energy transfer [6]. These processes de-
crease the mean decay time of the fluorophore,
and thereby alter the contribution of each rota-
tional motion to the anisotropy data. It is our
opinion that the use of quenching, and global
analysis of the anisotropy data from the quenched
samples [6,7,15,21], is superior to the multi-wave-
length measurements for enhanced resolution of
multiple correlation times.
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