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Subplcosecond Fluorescence Depolarization Studies of Tryptophan and Tryptophanyl 
Residues of Proteins 
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Fluorescence depolarization of the exposed tryptophanyl residue in the peptide melittin and the buried tryptophanyl residue 
in the protein azurin (from the bacteria Pseudomonos aeruginoso) was measured with subpicosecond resolution at various 
excitation and emission wavelengths. A short time component was found in both the fluorescence decay and fluorescence 
anisotropy decay for the tryptophanyl residue in melittin with time constants of 1.4 f 0.2 and 3.8 f 2 ps, respectively. The 
short time components originate from internal conversion between the two lowest lying singlet excited states. The limiting 
value of the initial anisotropy of 0.40 f 0.02 is observed for the tryptophanyl residue in melittin when excited with 300-nm 
light. These results are similar to those observed for tryptophan in water. The fluorescence depolarization measured for 
the tryptophanyl residue in azurin did not exhibit a short time component, which is attributed to both singlet excited states 
being nearly degenerate and the rate of internal conversion beyond our temporal resolution. We propose a new model for 
the fluorescence depolarization observed in the first few picoseconds for tryptophan in water and for tryptophanyl residues 
in proteins, which takes into account conformational heterogeneity and the effect this has on population exchange between 
the two low-lying singlet excited states. 

Introduction 
Fluorescence from tryptophanyl residues in proteins has been 

widely used to investigate both structure and As 
a probe, the tryptophanyl residue has several advantages; of the 
three naturally occurring aromatic amino acids it has a signifi- 
cantly higher fluorescence quantum yield and radiative rate: and 
its fluorescence spectrum is strongly influenced by its environ- 
ment.'+ Consequently, there is great interest in its photophysics. 
Absorption and fluorescence of tryptophan occur in the near- 
ultraviolet part of the spectrum, and both have their contributions 
from two low-lying singlet excited states in the indole moiety 
designated 'La and 1Lb.10-13 Fluorescence originating from the 
'La state in indoles is greatly red-shifted in the presence of polar 
solvents, whereas fluorescence originating from the ILb state is 
comparatively insensitive to the environment of the indole ring.14 

Molecular dynamics (MD) simulations predict that thermal 
fluctuations occurring on a picosecond time scale are relevant to 
largescale motion in p~-oteins.l~~' Northrop et a1.18 and CartlingI9 
have utilized theories of stochastic processes to connect the short 
time fluctuations obtained from molecular dynamics simulations 
with the long time conformational changes important for protein 
function. The bridge between the two time regimes is the eval- 
uation of the rate of conformational transitions. While fluores- 
cence anisotropy measurements have been an important experi- 
mental source of long time dynamic information on proteins and 
peptides,1,2s20 experimental evaluation of short time fluctuations 
is lacking. Fluorescence depolarization measurements on a few 
picosecond time scale may reveal thermal fluctuations within 
conformational states and provide a benchmark for further MD 
simulations. The lack of these measurements mean that large and 
uncertain extrapolations are necessary in effortsz1 to analyze the 
effectiveness of MD simulations in predicting protein motions. 

Recently, Ruggiero et al.I3 provided strong evidence that 
population exchange between the 'La and 'Lb states for tryptophan 
in water adds a nonrotational contribution to the fluorescence 
anisotropy within the first 5 ps after excitation." A model de- 
scribing the rapid fluorescence depolarization which takes into 
account excitation of both the 'La and 'Lb states followed by rapid 
internal conversion between these two states was first suggested 
by Cross et aLZ2 The rate of internal conversion is related to the 
energy separation between the two states by the energy gap law 
and reflected in the fast components of both thc population and 
anisotropy fluorescence decays. This model was extended by 
Ruggiero et al.13 to include vibronic relaxation, which gives rise 
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to an excitation wavelength dependence of the initial fluorescence 
anisotropy. Consistent with this model for fluorescence depo- 
larization of tryptophan, Ruggiero et al. fit their fluorescence 
anisotropy data globally over an excitation and emission surface 
assuming that both the population and fluorescence anisotropy 
decays had no excitation or emission dependence. They reported 
a large-amplitude rapid decay component in both the population 
and fluorescence anisotropy decays at  emission wavelengths of 
330 and 335 nm for 300-nm excitation of tryptophan, while a t  
redder emission wavelengths anisotropy components with negative 
amplitudes were reported. 
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Tryptophan and Tryptophanyl Residues of Proteins 

The purpose of the present paper is to determine whether 
population exchange between the 'La and ILb states occurs in 
tryptophanyl residues of proteins and peptides and to what extent 
this limits the ability to extract information about the short time 
dynamics from fluorescence depolarization measurements. To 
this end we have studied tryptophanyl residues in two different 
protein environments. In melittin, a 26 amino acid peptide with 
a random coil s t r u c t ~ r e , 2 ~ ~ ~ ~  the tryptophanyl residue is exposed 
to the solvent and its fluorescence is r e d - ~ h i f t e d . ~ ~  The protein 
azurin from the bacterium Pseudomom aeruginosa (azurin Pae) 
has a tryptophanyl residue buried in the protein away from the 
solvent26-28 and has a fluorescence maximum at  308 nm29-the 
bluest known for any protein. 

In the analysis presented by Ruggiero et al.,I3 the existence of 
conformers of tryptophan and their influence on the population 
and anisotropy decays were not considered. In the more detailed 
analysis presented in this work, we find it necessary for both 
tryptophan and melittin to extend the model discussed above to 
include conformational heter~geneity.~"~~ The contributions from 
species with different emission spectra30 make the global linkages 
used in the earlier fitting procedure inappropriate. For emission 
wavelengths less than 340 nm the two analyses give very similar 
results. However, for emission wavelengths 1 3 4 0  nm significant 
differences are observed. In particular, the negative amplitudes 
in the anisotropy decays presented by Ruggiero et al. seem to be 
an artifact of the global linkages assumed in their homogeneous 

Experimental Section 
The ultraviolet fluorescence upconversion system used in our 

experiments is described in detail e1~ewhere.l~ Briefly, subpi- 
cosecond pulses were generated by a hybrid dye laser with in- 
tracavity chirp compensation synchronously pumped by the second 
harmonic of a mode-locked Quantronix Nd:YAG laser. Auto- 
correlations of dye laser pulses centered at  584 and 600 nm had 
a full width at  half-maximum (fwhm) of 1 ps and 700 fs, re- 
spectively. These pulses were amplified by a five-pass bow tie 
amplifier pumped at  6 kHz by an Oxford Cu 40 copper vapor 
laser. The second harmonic of the amplified pulse was used to 
excite the sample, and fluorescence was collected in 180° geometry. 
The sum frequency of the fluorescence and delayed fundamental 
was generated in a @-barium borate crystal tuned to the appro- 
priate phase matching angle. The upconverted signal had a 
bandwidth of 4 nm, was spectrally isolated with a SI-UV quartz 
prism and ISA instruments HR320 monochromator, and detected 
using gated photon counting with a solar blind PMT. Magic angle, 
parallel, and perpendicular fluorescence decays were selected by 
rotating the incident beam with r e s p t  to the polarization of the 
collection optics using a Soliel-Babinet compensator and a 
Glan-Thompson polarizer. All decays were collected with a 1Wfs  
step size during a 25-ps scan. Parallel and perpendicular scans 
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parameter that is implemented in the global fitting analysis program. 
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Figure 1. Parallel fluorescence decay components of the anisotropies 
from 300-nm excitation of melittin collected at emission wavelengths of 
325,330,335,340, and 360 nm, and of tryptophan collected at emission 
wavelengths of 330, 335, 340, and 360 nm. 

were collected alternately to build up a single data set. To com- 
pensate for any power drift from the laser (typically <5%), the 
counting period was determined by the product of the intensities 
from the fluorescence and the dye laser fundamental. Mea- 
surement of the cross-correlation was accomplished by upcon- 
verting the second harmonic and fundamental. This function was 
employed as the instrument response function in the convolute- 
and-compare least-squares routine used for fitting the data. A 
typical cross-correlation for 300- and 292-nm excitation had a 
fwhm of 700 fs and 1 ps, respectively. 

To calibrate our system, we measured the anisotropy of 
trans-stilbene in methylcyclohexane. We obtained an initial 
anisotropy of 0.40 f 0.02 and a reorientation time of 27 f 1 ps. 
The reorientation times of trans-stilbene in octane (7 = 0.49 cP) 
and decane (7 = 0.79 cP) are 25 and 35 ps, r e s p e c t i ~ e l y . ~ ~  At 
room temperature methylcyclohexane has a viscosity of 0.68 cP, 
and we conclude our measurement is in good agreement with 
previous results. 

Native azurin from Pseudomonas aeruginosa, provided to us 
by Prof. R. Timkovich, Department of Chemistry, University of 
Alabama, was purified and the copper cation removed using 
procedures previously described.3g Melittin was obtained from 
Sigma at a purity of 92% and was not further purified. The water 
used was house distilled and deionized and exhibited negligible 
fluorescence background. Samples were first lyophilized and then 
dissolved in their respective buffers, which were previously degassed 
through a cyclic pump thaw process, to a concentration that 
afforded an optical density between 0.6 and 1.0 for a 1-mm path 
length at  the excitation wavelength. Azurin was dissolved in 200 
mM sodium acetate buffer a t  a pH of 5.0. Melittin was dissolved 
in water at pH 7 without salt to keep ionic strength low and prevent 
subsequent tetramer formation.20 A sample volume at  1.6 cm3 
was kept at 10 OC while flowed in the absence of air through a 
1 mm X 1 mm silated quartz cuvette and silicone tubing using 
a Cole Palmer peristaltic pump at  a rate of 3 cm3/s. Melittin 
samples were monitored for deterioration before and after an 
experiment by fluorescence and always had an emission maximum 
around 360 nm indicative of the monomer (the tetramer has an 
emission maximum around 330 nm).20 The structured absorption 
and very blue fluorescence of azurin Pae were not detectably 
altered throughout an experiment. Melittin did show small 
amounts of aggregation as determined by the appearance of scatter 
in its absorption spectrum. However, its fluorescence spectrum 
remained unaltered and there was no appreciable sign of tetramer 
formation. A melittin sample was used for only two experiments, 
and the typical duration of an experiment was 3-4 h. 

Results 
The fluorescence anisotropy is related to the fluorescence in- 

tensities that are parallel, Z, , ( t ) ,  and perpendicular, ZL(r), to the 
excitation polarization through the  equation^'^*^ 

(38) Kim, S. K.; Fleming, G. R. J .  Phys. Chem. 1988, 92, 2168. 
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29, 7329. 
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s,,(t) = J ~ ~ ~ ~ w c ~ ~ o  - t? dt 

s,(t) = ~ ' Z , ( t ) C p ( t  -_ - t? dt (3) 

(2) 

where S,,(t) and S,(t) are the measured fluorescence. The 
fluorescence decay is also related to these measurements4' 

KO) = Il l(t) + 2I,(t) (4) 

Figure 1 displays the parallel anisotropy components collected 
at  various wavelengths from 300-nm excitation of melittin and 
tryptophan. Unless otherwise specified, the excitation had a 
bandwidth of f l  nm and that for the detected emission was f5 
nm. A rapid decay component of less than 5 ps is apparent a t  
the shorter emission wavelengths. Toward longer wavelengths 
the amplitude of the short component decreases until it is no longer 
observable at 360 nm. This short component in the parallel decay 
curves corresponds to a fast component in the anisotropy as shown 
in Figure 2, which shows both parallel and perpendicular decay 
components along with the anisotropy decay from the 330-nm 
emission of melittin excited at 300 nm. Noteworthy is the unique 
shape of the perpendicular decay, in particular, the sharp rise, 
which is characteristic of the influence of level kinetics in the 
a n i s ~ t r o p y . ~ ~ , ~ ~  The anisotropy decay has an initial value of 0.40 
f 0.02. To the best of our knowledge, such a high initial 
fluorescence anisotropy has not been previously observed for a 
tryptophanyl residue in a protein. We have measured, within an 
experimental error of 0.02, an initial anisotropy of 0.40 for all 
emission wavelengths from excitation of melittin with 300-nm 
excitation (see Table I) .  

A comparison of the parallel and perpendicular decays from 
292-nm excitation of melittin and azurin is presented in Figure 
3. Two important differences in the 292-nm melittin data as 
compared at  300 nm are a decrease in the amplitude of the fast 
component in the parallel decay and a much lower initial an- 
isotropy (see Figure 4). However, one still observes a sharp rise 
in the perpendicular decay curve. Since the absorptivity a t  300 
nm for apoazurin is very small and its fluorescence very blue- 
shifted, we measured decays for 292-nm excitation and 314-nm 
emission only. There is no apparent fast component in either the 
parallel or anisotropy decays for apoazurin (see Figure 3); however, 
the perpendicular decay does have a fast rising edge. Apoazurin 
also exhibits a low initial anisotropy (r(0)  = 0.20 f 0.02) for 
292-nm excitation. 

Data Analysis 
The melittin data sets (composed of the parallel and perpen- 

dicular decay curves) measured at  the various excitation and 
emission wavelengths were fit individually and by global analy- 
sis.42-44 The results are summarized in Table I. We assume 
a two-exponential fluorescence decay, K( t ) ,  and anisotropy decay, 
r ( t ) ,  for each data set: 

( 5 )  

(6) 

For global analysis the time constant for each component in both 
the fluorescence and anisotropy decays was globally linked between 
the data sets. Implicit in the global linkage is the assumption that 
the time constants have no intrinsic wavelength dependence. 
Global analysis can be misleading when the underlying physical 
behavior is more complex than assumed in the global model. A 
reanalysis of the tryptophan data combined with the new melittin 
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r ( t )  = rl ev(- t /&)  + r~ ~ X P ( - - ~ / + Z )  
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Figure 2. Left panel displays parallel and perpendicular fluorescence 
decay components of the anisotropy collected from the 330-nm emission 
of melittin excited with 300-nm light. The right panel displays the 
corresponding anisotropy. 
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Figure 3. Left panel displays the parallel and perpendicular fluorescence 
decay components of the anisotropy collected from 330-nm emission of 
melittin excited with 292-nm light, while the right panel displays those 
from 314-nm emission of azurin Pae excited with 292-nm light. 
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Figure 4. Anisotropy derived from the parallel and perpendicular 
fluorescence decays measured from the 330-nm emission of melittin 
excited with 292-nm light. 

data leads us to the conclusion that the differences between the 
fluorescence spectra of the tryptophan conformers cannot be 
ignored, and therefore the time constants for the different data 
sets cannot be globally linked. To illustrate this point, we will 
first present the results of the global analysis and simulate the 
data with a model which does not include spectral inhomogeneity 
before discussing a model which incorporates the spectral dif- 
ferences of the tryptophan conformers. 

Since our data were collected over 20-ps time delays, longer 
time components are poorly determined in a free fit. Consequently, 
the time constants for the longer components in our global fits 
were fixed to values obtained from fluorescence and anisotropy 
decay measurements made on melittin by Lakowicz et alez4 
Though these measurements do not have the temporal resolution 
to detect the few picosecond component in the fluorescence and 
anisotropy decays, the longer time components were well char- 
acterized. We set the longer decay constant, 7 2 ,  to 320 ps and 
the longer anisotropy time constant, &, to 170 ps. The quality 
of the global fit and the resulting values obtained for the short 
time components are quite insensitive to the time constants used 
for the long time components, and a change in their values by 
f50% does not alter the fit, within experimental error. 

Global analysis over the excitation and emission surface for the 
tryptophanyl residue in melittin yielded constants for the fast 
components in the fluorescence and anisotropy decay of 1.4 f 0.2 
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TABLE I: Global Analysis Results for the Anisotropies of Melittin in Water at 10 O C "  

hEx, f 1  nm XEm, f 5  nm r(O) rl r2 a1 a2 

300 325 0.40 * 0.02 0.03 f 0.01 0.37 f 0.01 0.30 f 0.02 0.70 f 0.02 
330 0.39 f 0.02 0.03 f 0.01 0.36 f 0.01 0.31 f 0.02 0.69 f 0.02 
335 0.38 f 0.02 0.08 f 0.01 0.30 f 0.01 0.29 f 0.02 0.71 f 0.02 
340 0.41 f 0.02 0.04 f 0.01 0.37 f 0.01 0.1 1 f 0.02 0.89 f 0.02 
360 0.38 f 0.02 0.03 f 0.01 0.35 f 0.01 -0.02 f 0.02 1.02 f 0.02 

292 330 0.21 f 0.02 0.06 * 0.01 0.15 f 0.01 0.27 f 0.02 0.73 f 0.02 
335 0.1 1 f 0.02 0.04 f 0.01 0.07 f 0.01 0.15 * 0.02 0.85 f 0.02 
350 0.23 f 0.02 0.02 f 0.01 0.21 f 0.01 -0.01 f 0.02 1.01 f 0.02 

" r ( r )  = r l  exp(-r/@,) + r2 exp(-t/@2); @ I  = 3.8 f 2 ps, @ 2  = 170 ps; K ( t )  = aI exp(-t/il) + a2 exp(-t/r2); r I  = 1.4 f 0.2 ps, r2 = 320 ps, aI + 
a2 = 1. 

and 3.8 f 2 ps, respectively, with a global x2 of 1.5. The single 
data set fits had x2 values less than 1.2. The time constants 
determined for the fast component in the fluorescence decays from 
single data set fits were within 0.5 ps of the value obtained from 
global analysis. However, the time constants of the fast anisotropy 
component obtained from single data set fits varied from 2 to 15 
ps, with closer agreement to the globally determined value for those 
data sets obtained from emission wavelengths less than 340 nm. 

Simulations 
A model describing the fluorescence depolarization of trypto- 

phan was first proposed by Cross et alaz2 This model assumes that 
the ]La and 'Lb states are simultaneously excited, and emission 
from both is detected with a relative efficiency which depends on 
the detection wavelength. In this model the rates of internal 
conversion between the two states are linked by microscopic re- 
versibility and therefore depend on their energy separation. The 
absorption and emission transition dipole moments of each state 
are assumed to be parallel to each other. The angle between the 
transition dipole moments of the 'La and 'Lb state is a parameter 
in the model. We will refer to this model as the single angle model. 
Ruggiero et incorporated vibrational relaxation into the model 
to explain the excitation wavelength dependence observed for the 
amplitude of the initial fluorescence anisotropy of tryptophan. This 
requires the use of four angles, Oaa, cab, ebb, and Bba (the first 
and second superscripts denote the absorption and emission 
transition dipole moment, respectively, and a or b indicates whether 
the 'La, or 'Lb transition dipole moment couples to the ground 
state) as parameters in the model. We will refer to this as the 
four-angle model. If eaa = ebb = 0 and eab = eba, then the 
four-angle model reduces to the single-angle model where 8 = 

In their analysis Ruggiero et al.13 restricted themselves to 
simulation of the anisotropy decays. A given anisotropy does not 
correspond to a unique pair of parallel and perpendicular decay 
curves. In this work we instead simulate the measured parallel 
and perpendicular decays. We find that the model parameters 
are considerably more constrained by this procedure and therefore 
more accurate and less ambiguous. The inputs required for the 
four-angle model are as follows: 

(1) The energy separation of the 'La and ' L b  states. This 
quantity depends on the environment of the indole chromo- 
p h ~ r e . ' ~ , ~ ~ , ~  For the tryptophanyl residue in melittin we assume 
that the ]La state is lower by 500 cm-l. This is similar to the range 
of values for the origins of the 'La and ' L b  states in exposed 
tryptophanyl residues as determined by Strickland et al.46 

(2) The rate of internal conversion between the two states. The 
'Lb to 'La rate is set equal to T ' - I .  The inverse rate is simply the 
Boltzmann factor multiplied by T ' - I .  

(3) The radiative and nonradiative rates of the two states. 
Although the radiative and nonradiative rates of tryptophan are 
easily measured, the relative contributions of the two states are 
not directly accessible. In the following simulations we assumed 
that the radiative rates of the two states are the same, with k,, 
= kbr = 4.67 X ps-' and that the nonradiative decay rates 

cab. 

(45) Strickland, E. H. CRC Crit. Rev. Biochem. 1974, 2, 114. 
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(excluding internal conversion) are also equal with k,,, = kbnr = 

(4) The absorption and emission cross sections as a function 
of wavelength. Decomposition of the tryptophan absorption 
spectrum into its 'La and 'Lb constituents a t  77 K in a propylene 
glycol glass has been reported by several gro~ps. 'O*~~ Use of these 
data directly does not seem appropriate since significant shifts 
may occur on going to room-temperature aqueous solution. 
Comparison of the room- and low-temperature spectra shows a 
3-fold increase in total absorptivity a t  300 nm and a noticeable 
decrease in absorptivity a t  292 nm as a result of significant 
broadening of the 'Lb 0-0 band.46,48 There is also some broad- 
ening of the 'La band. Thus, there may be significantly higher 
' L b  absorption at  300 nm than would be predicted from the 
low-temperature spectral decomposition. The values of the ex- 
citation ratio used in our simulations were 0.35 and 0.20 for 300- 
and 292-nm excitation, respectively. 

The emission detection efficiencies (percentage of total emission 
cross section due to 'Lb) are also difficult to determine experi- 
mentally. Estimates were obtained from the steady-state emission 
spectra of azurin Afe and Pae samples with the same absorbance 
(0.13) at 280 nm. Azurin Pae is believed to be an 'Lb emitter49.50 
and a& Afe an 'La emitter.'4*so The detection ratios determined 
from the azurin spectra (error f0.05) are 0.77,0.74,0.65,0.55, 
0.42, and 0.37 at 325,330,335, 340,350, and 360 nm, respectively. 
For wavelengths between 325 and 340 nm these values are similar 
to those used in the melittin simulations and are within 10% of 
the values used in the tryptophan simulations, but a t  longer 
wavelengths the values are too small to adequately simulate either 
the melittin or tryptophan data. 

(5) The angles between the absorption and emission transition 
moment directions, e", cab, ebb, and 8". The angles necessary 
to simulate the data from 300-nm excitation of both tryptophan 
and melittin are eaa = ebb = 0 and €lab = eba = 25-35'. 

We were able to simulate the raw experimental data for both 
tryptophan and melittin using the four-angle model. Several points 
emerge from these simulations. First, the only significant dif- 
ference between the simulations for melittin and those for tryp- 
tophan appears in the emission detection ratios. Second, the 
single-angle model is capable of simulating the data from 300-nm 
excitation of both tryptophan and melittin; however, the four-angle 
model is necessary to simulate data with 292-nm excitation, be- 
cause of the low initial anisotropy. A point of concern is that a 
rather small angle (25-35') between the 'La and 'Lb emission 
dipole moments is required to simulate the data. This is in dis- 
agreement with other data that suggest this angle should be near 
90°.51-55 This result led us to reanalyze the tryptophan data of 

(47) Eftink, M. R.; Selvidge, L. A.; Callis, P. R.; Rehms, A. A. J .  Phys. 

(48) Strickland, E. H.; Horwitz, J.; Billups, C. Biochemistry 1%9,8,3205. 
(49) Szabo, A. G.; Stepanik, T. M.; Wayner, D. M.; Young, N. M. Bio- 

(50) Petrich, J. W.; Longworth, J. W.; Fleming, G. R. Biochemistry 1987, 

(51) Yamamoto, Y.; Tanaka, J. Bull. Chem. SOC. Jpn. 1972, 45, 1362. 
(52) Hochstrasser, R. M.; Negus, D. K. In Proteins of Biological Structure 

and Dynamics; Szabo, A. G., Masotti, L., Eds.; Plenum Press: London, 1984; 
p 165. 

(53) Negus, D. K. Ph.D. Thesis, University of Pennsylvania, 1985. 
(54)  Rehms, A. A.; Callis, P. R. Chem. Phys. Lett. 1987, 140, 83. 

2.87 x 10-4 ps-1. 

Chem. 1990, 94, 3469. 

phys. J .  1983, 41, 233. 

26, 2711. 
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TABLE 11: Parameters Used in Fluorescence Depolarization Simulations of Tryptophana 
excitation ratio, emission detection efficiency, 

ratio of % 'Lb/('L, + 'Lb) % 'Lb/('L, + 'Lb) 
XEx, nm X E ~ .  nm component A component A component B component A component B 

300 330 0.41 0.50 0.10 0.75 0.60 
335 0.38 0.50 0.10 0.85 0.85 
340 0.24 0.50 0.10 0.78 0.50 
380 0.00 0.50 0.10 0.10 

"The following parameters are used for simulating both components A and B: kba = 0.625 ps-'; k,b = 0.044 ps-'; k,, = kbr = 2.87 X lo4; 1/6& 
= 45 ps; 0 = 90'. Components A and B are the 500-ps and 3.1-ns components, respectively, in the magic angle decay. The ratio of component A 
is determined from the relative intensity of the simulated magic angle decay of component A at  time = 0 to that of component B. 

Ruggiero et al.I3 in terms of a model which considers spectral 
inhomogeneity arising from multiple tryptophan conformers. 

A Multiconformational Model 
The small angle between the emission dipole moments required 

by the four-angle model to simulate the tryptophan data for 
300-nm excitation creates serious doubts about the model. 
However, the four-angle model, as it stands, is not a complete 
description of tryptophan fluorescence. On a nanosecond time 
scale the fluorescence decay of tryptophan has two components. 
Szabo and Rayner30 have decomposed the emission spectrum of 
tryptophan into a 5 W p s  and a 3.1-11s component. Similar results 
were obtained by Petrich et aL3I The relative contribution of the 
two components to the total emission spectrum varies with emission 
wavelength-the 500-ps component has an emission maximum 
at  335 nm, while the 3.1-ns component peaks at  355 nm. These 
two components are assigned to two separate species and have 
been discussed extensively in terms of the conformer model of 
t r y p t ~ p h a n . ~ " ~ ~  By enlarging the four-angle model to include 
sample heterogeneity (Le., a distribution of conformers with 
different absorption and fluorescence spectra) and using the 
relative weights for the two components as determined by Szabo 
and Ra~ner ,~O we are able to adequately simulate the tryptophan 
data while keeping the angle between the 'La and 'Lb emission 
transition moments of each component a t  90°. Although these 
relative weights were determined from 280-nm excitation of 
tryptophan, Table I of ref 31 shows that the relative weights of 
the two components do not vary greatly with excitation wavelength 
in the range 280-305 nm. This new model assumes that the 
relative contributions, a t  a particular wavelength, from the 'La 
and 'Lb states for absorption and emission are in general different 
for the various conformers of tryptophan. 

Table I1 lists the parameters used in this model to simulate the 
data from 300-nm excitation of tryptophan. As before, the model 
reduces to the single-angle model for each component, but now 
with 8 = 90°. The excitation ratios used to simulate data for 
300-nm excitation of the 500-ps component (component A) and 
the 3.1-11s component (component B) were 0.50 and 0.10, re- 
spectively. The emission detection ratio for both components peaks 
near 335 nm. In this model the relative weights of components 
A and B (Le., the relative initial intensities of their simulated magic 
angle decays) control the fraction of fluorescence originating from 
each component. The relative weights of components A and B 
are adjusted in the simulation such that, a t  each wavelength, the 
ratio of the preexponential terms of the long decay component 
in the magic angle decay for each component multiplied by the 
relative weight is equal to the ratio of the preexponential weights 
determined by Rayner and S ~ a b o . ~ ~  The relative weight of 
component A decreases with increasing emission wavelength and 
becomes negligible a t  380 nm. All other parameters for com- 
ponents A and B were assigned the values used above in the 
four-angle model to simulate the tryptophan anisotropies. 

In Figure 5 parallel and perpendicular fluorescence decays 
simulated from this model are compared to those measured at  
335 nm of tryptophan excited at  300 nm. Figure 6 displays the 
simulated parallel and perpendicular fluorescence decays for the 
individual components A and B, which when added together by 

(55) Philips, P. A.; Levy, D. H. J .  Chem. Phys. 1986, 85, 1327 
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Figure 5. Comparison of the measured parallel and perpendicular 
fluorescence decays from the 335-nm emission of tryptophan excited with 
3 W n m  light to the simulated curves generated by the single-angle model 
that includes sample heterogeneity with 0 = 90'. 
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Figure 6. Left panel displays the simulated parallel and perpendicular 
fluorescence decays for component A, while the right panel displays those 
for component B. 
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Figure 7. Comparison of the parallel and perpendicular fluorescence 
decays measured from the 380-nm emission of tryptophan excited with 
300-nm light to those simulated from the single-angle model that includes 
sample heterogeneity with 0 = 90'. 

the appropriate weighting factors yield the anisotropy components 
displayed in Figure 5. Our simulations clearly show that the short 
component in both the magic angle and parallel fluorescence 
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decays originates from component A. At 380 nm only component 
B contributes to the fluorescence. Figure 7 shows the parallel and 
perpendicular decay components observed at  380 nm excited at  
300 nm, along with the simulated curves-note the absence of 
a fast component. 

No attempt was made to simulate the fluorescence depolari- 
zation of tryptophan obtained from excitation wavelengths less 
than 300 nm. The lower initial anisotropy that results when 
exciting into the higher vibrational manifold of the 'La and 'Lb 
states requires including vibronic relaxation into the simulations 
by way of the four-angle model. There is no independent means 
to determine these four angles, and with the increased complexity 
of conformational heterogeneity we do not consider it useful to 
simulate these data. 

Comparing the parallel decays from the tryptophanyl residue 
in melittin to those from tryptophan in water (Figure l), one 
observes very similar trends in the excitation and emission de- 
pendence. The values determined for T ]  and 4' for the trypto- 
phanyl residue in melittin are the same within experimental error 
as those determined for tryptophan in water, suggesting that both 
indole moieties have very similar energy gaps between the two 
singlet excited states. 

It is apparent that simulation of the fluorescence depolarization 
of the tryptophanyl residue in melittin requires the inclusion of 
conformational heterogeneity in the model. At least three com- 
ponents appear in the long time fluorescence decay of melittin, 
suggesting that a greater degree of conformational heterogeneity 
may exist for the tryptophanyl residue in melittin than for tryp- 
tophan in water. This increased complexity makes simulating the 
fluorescence depolarization of the tryptophanyl residue in melittin 
impractical at present. 

Discussion 
The form of the anisotropy decays, in particular the charac- 

teristic shape of the perpendicularly polarized emission curve with 
its sharp rising edge, strongly suggests that level kinetics play a 
major role in the anisotropy decay of the tryptophanyl residue 
in mellitin. This is particularly clear for the data collected with 
300-nm excitation (Figure 2). 

The major goal of this work is to arrive at  a model for tryp- 
tophan and tryptophanyl photophysics that (a) self-consistently 
rationalizes the complex picosecond population and anisotropy 
decays and (b) enables the extraction of dynamical information 
from the anisotropy measurement free of distortion or obfuscation 
by level kinetics. 

The multiconformational model we propose has two layers of 
complexity: the two spectral components arising from confor- 
mational heterogeneity each have differing contributions from the 
IL, and 'Lb states. In order to successfully apply this model, we 
need to know the spectra of components A and B, as well as the 
'La and ILb spectra for each component. A qualitative description 
of the 'La and spectrum for each component can be obtained 
by comparing the spectra of the components with the emission 
spectra of other indoles. The fluorescence spectrum determined 
for component A is similar to that of the indole derivative yo- 
himbine, which has an amine that is conformationally constrained. 
In yohimbine the 'La state is lower in energy than the 'Lb state. 
When the amine is protonated, the IL, state is blue-shifteds6 and 
the fluorescence spectrum has a maximum near 330 nm.57 This 
blue shift parallels the appearance of component A in the tryp- 
tophan emission that wcurs when the pH is below the pK value 
of the ammonium g r o ~ p . 4 , ~ ~ " ~  Since the steady-state fluorescence 
of yohimbine originates primarily from the IL, state,56 we cannot 
directly obtain the 'Lb emission spectrum. However, 5-meth- 

(56) Savory, B.; Turnbull, J .  H. J .  Photochem. 1983, 23, 171. 
(57) Andrews, A. J.; Forster, L. S. Biochemistry 1972, 11, 1875. 
(58) Rayner, D. M.; Szabo, A. G. Can. J .  Chem. 1978, 56, 743. 
(59) Robbins, R. J.; Fleming, G. R.; Beddard, G. S.; Robinson, G. W.; 

Thistlethwaite, P. J.; Woolfe, G. J.  J .  Am. Chem. SOC. 1980, 102, 554. 
(60) Beddard, G. S.;  Fleming, G. R.; Porter, G.;  Robbins, R. J .  Philos. 

Trans. R.  SOC. London 1980, A298, 321. 
(61) Gudgin, E.; Lopez-Delgado, R.; Ware, W. R. Can. J .  Chem. 1981, 

59, 1037. 
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Figure 8. Depiction of the t = 0 fluorescence spectra of components A 
and B of tryptophan (left panel), 'La and 'Lb states of component A 
(center), and 'La and 'Lb states of component B (right). The relative 
intensities are determined from the simulations. 

oxyindole emits primarily from the 'Lb state in waterI4 with an 
emission maximum at  330 nm6* and should provide a reasonable 
model of 'Lb emission for other indoles in water, since the energy 
of the state in indoles is not greatly perturbed by the local 
en~i ronment '~  or ring substituents.63 

It is interesting that the position of the emission maxima of 
component A, yohimbine, and 5-methoxyindole closely corresponds 
to the wavelength where the amplitudes of the fast components 
in the anisotropy and magic angle decays are maximum. Also, 
the position of the emission maximum of 5-methoxyindole cor- 
responds to the maximum value of the emission detection ratios 
used for components A and B in simulating the fluorescence 
depolarization of tryptophan (see Table 11). Since the fluorescence 
lifetimes of components A and B are significantly longer than the 
time scale of internal conversion from the 'Lb to IL, state, the 
zero-time emission spectra for the 'La states of each component 
should be nearly identical to the steady-state spectra determined 
for each component." We expect the time-zero emission spectra 
of the ILb states of each component to be similar to that of 
5-methoxyindole in water. From the parameters used in our 
model, we have constructed a crude representation of the zero-time 
emission spectra for components A and B (left panel, Figure 8), 
for the 'La and 'Lb constituents of component A (center panel), 
and for the 'La and 'Lb constituents of component B (right panel). 
The points displayed in Figure 8 were determined from our sim- 
ulation of the fluorescence depolarization of tryptophan using the 
multiconformational model. From these points we are able to 
determine the position of the maxima within a few nanometers 
of the time-zero emission spectra of component A and the 'Lb state 
of both components A and B. However, these few points are 
insufficient to determine the position of the maxima of either 
component B or the IL, state of the two components. To fill in 
this missing information, we relied directly on the resolution of 
the steady-state fluorescence spectra of tryptophan into two 
components by Szabo and R a ~ n e r . ~ ~  As previously mentioned, 
component B in our model is related to the component determined 
from the resolution of the steady-state fluorescence spectrum that 
has a maximum at  355 nm. On the basis of this information, we 
estimate the shape of time-zero emission spectra of component 
B and the 'La state of both components between 350 and 380 nm. 
These initial emission spectra provide a qualitative picture of the 
model being proposed and may provide a guide for the design of 
future studies. 

We conclude from our model that the large amplitude of the 
fast component in the magic angle and anisotropy decays originates 
primarily from component A due to the high excitation and de- 
tection ratios. Although component B has a high detection ratio 
a t  the blue edge of the emission, the excitation ratio is small, 
leading to significantly smaller amplitude of the fast component. 

The similarities observed between the parallel and perpendicular 
fluorescence decays of tryptophan and the tryptophanyl residue 

~ ~~ 
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in melittin do not carry over to those measured for the buried 
tryptophanyl residue in azurin Pae. The emission from tryptophan 
48 of azurin Pae has generally been ascribed to 'Lb fluorescence, 
and clearly the IL, state is substantially blue-shifted compared 
to the tryptophanyl residue in mellitin. A similar blue shift of 
the 'La state has also been observed for N-stearyl-L-tryptophan 
n-hexyl ester dissolved in methylcy~lohexane.~~ The measured 
anisotropy for azurin Pae has a low r(O), about 0.20, with no 
detectable fast component in either the anisotropy or fluorescence 
decays. The simplest explanation consistent with this finding is 
one in which the IL, and 'Lb states are nearly degenerate, and 
the rate of internal conversion is faster than the temporal resolution 
of our instrument. Both population and anisotropy decays fit well 
to a singleexponential function; thus, no rapid motion of the buried 
tryptophan is detected, consistent with molecular dynamics sim- 
ulation results.65 

Finally, we turn to the question of whether rapid internal motion 
is detected in our melittin measurements. It is clear from the 
foregoing discussion that, a t  least for emission wavelengths <350 
nm, the fluorescence depolarization of melittin is dominated at  
short times by the 'L,/'Lb level kinetics. However, given the low 
Lb excitation ratio at 300 nm and the diminished 'Lb emission 
at wavelengths longer than 350 nm, we conclude that for exposed 
tryptophanyl residues in proteins excitation at  300 nm and de- 
tection at 380 nm removes the contribution of level kinetics from 
the anisotropy. Of course, complications resulting from 'La 
emission from a distribution of conformers will remain, and ex- 
perimental verification of this proposal is clearly necessary. 

Recently, Axelsen et alez1 compared molecular dynamics sim- 
ulations of protein-based and timeresolved fluorescence anisotropy 
measurements. However, their comparison is based on the ori- 
entation of the emission dipole moment being f25O to the ab- 
sorption dipole moment. They determined this value from the 
low initial fluorescence anisotropy of 0.29 when tryptophan is 
excited with 295-nm light. They arrived at  this angle for essen- 
tially the same reason we needed to use an angle of around 30° 
to simulate the fluorescence depolarization of tryptophan and 
melittin using the single-angle model. As we have pointed out, 
this artificially small angle is the result of level kinetics which 
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are further complicated by conformational heterogeneity. 

Concluding Remarks 
The fluorescence anisotropies of buried and exposed trypto- 

phanyl residues show markedly different fluorescence anisotropy 
decays. The exposed tryptophanyl residue in melittin is very 
similar to tryptophan in its fluorescence behavior. The previous 
model by Ruggiero et a1.I3 to describe the fluorescence depolar- 
ization of tryptophan has been shown to require revision. Tryp- 
tophan can be successfully described by considering internal 
conversion between two overlapping states that are perturbed to 
varying degrees by the different environments of the indole moiety 
resulting from conformational heterogeneity. An analogous model 
for tryptophanyl residues in proteins is evident. The rate of 'Lb 
to 'La internal conversion in melittin is determined to be 1.4 f 
0.2 ps a t  the blue edge of the emission, which is within error 
identical with the rate in tryptophan (1.6 f 0.2 ps).I3 The internal 
conversion contributes a nonrotational contribution to the an- 
isotropy decay of 3.8 f 2 ps. Our measurements are, we believe, 
the first observation of an initial fluorescence anisotropy of 0.40 
for a tryptophanyl residue in a protein. 

The shift in energy levels which accompanies a change in 
tryptophan environment from polar to nonpolar changes the 
fluorescence behavior markedly. No rapid component could be 
detected in the fluorescence anisotropy of the buried W48 in azurin 
Pae; however the initial anisotropy is low, and we suggest that 
the interlevel relaxation is complete on a time scale shorter than 
our resolution (1500 fs). 

Finally, we suggest that excitation of a solvent-exposed tryp- 
tophanyl residue in a protein at  a wavelength of 300 nm or greater 
and collection of the fluorescence at  a wavelength greater than 
380 nm should make contributions from level kinetics negligible 
in anisotropy measurements and thus reveal rapid internal motions. 
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