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Absorption anisotropy decays were recorded for tryptophan and a series of dipeptides with a time resolution of less than 
1 ps. Fluorescence anisotropies for tryptophan and several of its derivatives were also recorded. The data show that polar 
interactions retard the reorientational motion significantly. Molecular dynamics simulations of the reorientation, using SPC 
(single point charge) model water, give reorientation times about 4 times shorter than the experimental values. By studying 
fragments of the hormone ACTH, we find that internal flexibility of the peptide becomes detectable at a length of six residues, 
implying that the motion of longer peptides can be modeled by considering the motion of units larger than single residues. 

Introduction 
L-Tryptophan is an important intrinsic probe of protein and 

polypeptide structure and dynami~s. l -~ In particular the decay 
of the fluorescence anisotropy, r ( t ) ,  provides direct information 
on the internal mobility of the macromolecule. For example, we 
have recently used tryptophan anisotropies to investigate the 
flexibility of polypeptide hormones4 and the difference in mobility 
of surface and buried tryptophans in the blue-copper protein 
a ~ u r i n . ~  In the hormone study the data were discussed in terms 
of an analytical theory due to Perico and Guenza: while the azurin 
results have been compared with molecular dynamics simulations? 
In interpretation of the experimental data in terms of theory or 
simulation, the well-known fact8 that the limiting anisotropy of 
tryptophan never reaches the value of 0.4 expected for parallel 
absorption and emission transition dipoles complicates the com- 
parison at short times. In other words, with finite time resolution, 
if the measured value of r(0)  is less than 0.4, it is difficult to be 
certain that a rapid component in the anisotropy decay has not 
been missed. 

There are a number of possible origins of the low initial 
fluorescence anisotropy of tryptophan. Perhaps the most likely 
possibility is the involvement of rapid interconversion between the 
two low-lying excited states La and Lb, whose transition moments 
make a large angle with each ~ t h e r . ~ J ~  A previous theoretical 
study by Cross et al." showed that for incoherent coupling of the 
levels, the initial fluorescence anisotropy will be 0.4 regardless 
of the proportions of La and L b  excited, but the anisotropy will 
decay as the memory of the initial excitation distribution is lost, 
without the involvement of any molecular motion. In a study of 
solvation dynamics, using coumarin 153 as the probe, Maroncelli 
and FlemingI2 observed a component in the fluorescence anisotropy 
that decayed too rapidly to be attributed to overall motion. This 
fast component correlated with the Stokes shift time scale and 
was suggested to arise from rotation of the transition dipole in 
the molecular frame as solvation proceeded. The solvation time 
scale in water is expected to be -0.5 ps, and thus a similar effect 
in tryptophan would not be resolvable in, for example, a time- 
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correlated single-photon counting study. By contrast, a ground- 
state anisotropy measurement-provided the relevant motions are 
short compared to the excited-state lifetime-is uninfluenced by 
the excited-state level kinetics or by changes in the transition 
moment direction during solvation. Thus an absorption anisotropy 
measurement, carried out with a high time resolution pump-probe 
technique, should provide an unambiguous measure of tryptophan 
mobility in peptides and proteins. 

In this paper we describe our first efforts in this direction: 
absorption anisotropy studies of tryptophan, some of its derivatives, 
and some dipeptides. The data were obtained by the technique 
of anisotropic absorption or polarization spec t ro~copy '~~ '~  with a 
time resolution of - 1 ps. Complementary fluorescence anisotropy 
measurements were carried out by using the single-photon counting 
technique. The presence of the charged groups -NH3+ and COz- 
on tryptophan provides an opportunity to assess the importance 
of interactions between such groups and water molecules in re- 
tarding motion. We compare our data with predictions from both 
standard hydrodynamic models and from molecular dynamics 
simulations. Our new data on small peptides, when combined with 
a previous study of the hormone fragments, enable an estimate 
to be made of the onset of internal mobility, Le., the onset of 
motions on a time scale shorter than the overall reorientation time, 
as the number of residues in the peptide increases. 
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Figure 1. (a) Block diagram of the dye laser amplifier. A IO-Hz 
Nd3+:YAG laser (Molectron) was used as the pump laser. The four 
amplifier stages (Al-A4) are separated by saturable absorbers (SA). A 
grating pair (GP) between A2 and A3 compensates for group velocity 
dispersion. (b) Experimental arrangement for absorption anisotropy 
measurements. The 287-nm, 700-fs pulse is split 9 5 5  to generate pump 
and probe pulses, respectively. The pump beam is polarized vertically, 
and the probe beam at 45' to the pump. The analyzer polarizer is at 
-45' (S = sample, I = iris). 

Experimental Section 
Anisotropic Absorption Technique. The relatively low ex- 

tinction coefficient e,, = 5600 M-' cm-' a t  280 nm in aqueous 
s o l ~ t i o n ' ~  and the requirement of shorter wavelength pulses than 
can be obtained from a colliding-pulse ring laser necessitated a 
number of modifications from the amplified femtosecond system 
described previously.16 The experimental arrangement is shown 
in Figure 1. 

A hybrid passively-actively mode-locked dye laser was syn- 
chronously pumped by an Ar+ laser (Coherent Innova 18). 
Rhodamine 6G and DQOCI (Exciton) were used as gain and 
absorber, respectively. A single plate birefringent filter was in- 
serted in the cavity as the wavelength tuning device. Pulses of 
1-1.5 ps full width at half-maximum (fwhm) were generated with 
an average pulse energy of 0.4 nJ at 574-576 nm. The dye laser 
pulses were amplified through a four-stage longitudinally pumped 
flowing-dye amplifier at 10-Hz repetition rate. Synchronization 
of the dye laser, the YAG laser (Molectron MY 34-10) which 
pumps four amplifiers, and the gated detection was performed 
by the timing system (CAMAC TS-2000) with a homemade 
voltage amplifier and detection gate width controller. Rhodamine 
B (Exciton) was used in the first cell, and rhodamine 6G in the 
remaining three cells. A pair of gratings was placed between the 
second and the third stage as a group velocity dispersion com- 
pensator. Three malachite green jets were inserted between the 
stages to reduce the amplified spontaneous emission (ASE). The 
ASE level was controlled to be about 5% of the total power of 
the amplified light. The amplified pulses have an average pulse 

energy of 500 pJ, corresponding to a gain of about lo6. 
Pulses were frequency doubled by a 1-cm KDP crystal. The 

UV light at 287 nm was split into pump and probe beams with 
an intensity ratio approximately 955 .  The sample was flowed 
through an uncrimped dye jet (Spectra-Physics), and the tem- 
perature of the sample was controlled by a thermostat (Neslab 
RTE-4) to f l  OC. The signal was collected by a photomultiplier 
(1P28) through a J-Y H-10 monochromator (Instruments, SA) 
with a bandpass of 8 nm to discriminate against the fluorescence. 
Most of the decays were collected by averaging 20 shots at each 
delay and scanning the entire decay 10 times or more. An IBM 
system 9000 microcomputer was used to collect the data through 
an analogue-to-digital converter (LeCroy 2249A) and to control 
the stepping motor for the delay stage. Data fitting was done on 
the same IBM computer with the nonlinear least-squares method. 

To obtain as large an absorption cross section as possible, we 
chose the excitation wavelength to be 287-288 nm (tZR8 iz: 4400 
M-' cm-I), as close as possible to the absorption maximum while 
keeping adequate laser performance. 

In this monochromatic pump-probe experiment, much effort 
was made to overcome the saturation of the photomultiplier tube 
by scattered pump light. A series of irises after the sample was 
used to remove most of the scattered light. For the same purpose, 
it was found helpful to place an iris immediately after the sample 
jet, with a minimum aperture. A 2-mm flowing cell was used at 
the beginning of the experiment, but very strong scattered pump 
light from the cell surfaces made the signal detection extremely 
difficult. The flowing cell in addition has an intrinsic birefringence, 
giving a poor flow extinction ratio, r (the ratio of the transmitted 
probe with the analyzer polarizer crossed to that with the polarizer 
parallel to the probe polarization direction). Previous studies 
showed that the measured decay time T, is distorted as r gets 
larger.I4 The flowing cell gave a r value of 2 X whereas 
for the jet r = 2 X loT5. 

Fluorescence Studies. The fluorescence lifetimes of tryptophan 
derivatives were measured by a time-correlated single-photon 
counting system. The experimental arrangement is described 
elsewhere." The instrument width in these studies has a fwhm 
of 90 ps. Fluorescence anisotropies were extracted from the data 
by the simultaneous fitting method.I8 The decay times of the 
anisotropies were close to our instrumental resolution, and this 
results in a strong correlation between the initial anisotropy and 
the fitted decay time. Values in good agreement with the more 
precise absorption anisotropy data were obtained when r(0)  was 
fixed at  0.3 for 295-nm excitation. 

Samples. All the derivatives were purchased from Sigma, 
except Gly-Trp, which was from Bachem Fine Chemicals. They 
were used here without further purification. Most samples were 
prepared in a pH 7.0 phosphate buffer solution. The pH 11.0 
sample was prepared with a diluted NaOH solution. The con- 
centrations of the samples used were between and M, 
determined by a Lambda 5 spectrophotometer (Perkin-Elmer). 
The path length for the probe light in the sample was about 0.2-0.4 
mm. 

Analysis of Anisotropic Absorption Data 
The principles of the anisotropic absorption experiments have 

been described by several  author^.'^^'^^'^ This technique uses a 
45' angle between the polarization directions of the pump and 
the probe pulses, and the transmitted probe light through the 
sample is monitored through an analyzer polarizer crossed with 
the probe polarization. When a sample is excited by a linearly 
polarized ultrashort pump pulse, orientational anisotropies of the 
molecules in both ground and excited states are created, producing 
an induced birefringence and dichroism. The signal Z ( t )  observed 
through the analyzer polarizer can be approximately expressed 
asl l ,14 

I( t )  = ' / 4 ~ 0 2 u 2 d z [ ~ 1 ( 0 ) ]  * [K(  t )  r( t ) ]  * (1) 
~~ ~~~~~ 
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TABLE I: T~~ of Tryptophan Derivatives Measured by Anisotropic 
Absorption 

sample T,  "C Torra PS 

Trp (pH 7.0) 20 34.8 f 1.0 
Trp (pH 11.0) 20 32.0 f 1.4 
5-hydroxy-Trp 20 42.2 f 0.2 
Trp-Gly 20 39.2 f 1.6 
Gly-Trp 20 37.0 f 2.0 
Trp- Ala 20 47.8 f 0.6 
Trp-Leu 20 61.2 f 4.4 
TrP 13 42.6 f 2.8 
TrP 25 21.8 f 1.2 
TrP 30 18.6 f 1.2 
Trp- Ala 7 67.0 f 5.6 
Trp- Ala 13 60.4 f 6.4 
Trp-Ala 27 36.0 f 1.4 

a ~ o r  = 27,; the quoted error reflects the variation in 2-4 repeated 
measurements. 

V.8 , I I  

0 
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Figure 2. Absorption anisotropy decay of tryptophan (Trp) water at pH 
7 and 20 O C .  The sharp spike is the coherent coupling artifact. The 
semilog plot (insert) shows that the decay is well fit with a single-expo- 
nential decay of time constant 35 ps. 

where Eo is amplitude of the probe pulse, u is the absorption cross 
section of the sample, d is the path length of the probe through 
the sample, "(0) is the initial population density of the excit- 
ed-state molecules, and K ( t )  is the excited-state decay of the 
sample. If K ( t )  and r ( t )  are both single-exponential, with decay 
times of T and T,, respectively, the observed decay time T, of I ( t )  
can be expressed as 

- 1 = 2(; + ;) 
7, 

The fluorescence decays of tryptophan (at neutral pH) and some 
of its simple derivatives studied here can be fit as double-expo- 
nential decays.19 In this case eq 2 is no longer valid. However, 
the shortest decay component of the molecules studied here is 400 
ps, 1 order of magnitude longer than the reorientation times. In 
this case K ( t )  can be regarded as a constant, and rOr = 27,. The 
reorientation times listed in Table I were obtained in this manner. 

If the anisotropy itself is nonexponential, for example as the 
result of rapid internal motions, the analysis is similarly com- 
plicated. For example, if the anisotropy decays as the sum of two 
exponentials, I ( t )  contains r0,,/2, 70r2/2, and ( l /Torl  + l/rOrJ'. 
For rOr2 = 40 ps (and r l ( 0 )  = r2(0) )  simulations with a similar 
signal-to-noise ratio as our experiments showed that rOr, values 
in the range 4-12 ps would be resolvable in our data. All the 
experimental data, however, fit well to a single-exponential decay. 

(19) Szabo, A. G.; Rayner, D. M. J.  Am.  Chem. SOC. 1980, 102, 554. 
(20) Petrich, J. W.; Chang, M. C.; McDonald, D. B.; Fleming, G. R. J .  

Am.  Chem. SOC. 1983, 105, 3824. 
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Figure 3. Absorption anisotropy decay of tryptophyl alanine (Trp-Ala) 
in water at pH 7 and 20 "C. The coherent coupling artifact is apparent. 
The single-exponential time constant is 48 ps. 
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Figure 4. Temperature dependence of the reorientation times of tryp- 
tophan (0) and Trp-Ala (v) versus q /T  in aqueous solution. The vol- 
umes of Trp and Trp-Ala from the fits to the slopes are 124 and 195 A3, 
respectively. 
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Figure 5. Simulated rotational correlation function for SPC model water. 
The "kink" at 50-100 fs corresponds to the end of the inertial region, and 
the slight increase in anisotropy corresponds to the slight tendency for 
momentum to be reversed, on average, with collisions muring in the first 
50-100 fs. The exponential portion of the curve has a decay time of 1 
PS. 

Results and Discussion 
Anisotropic Decays. Figures 2 and 3 show the anisotropic 

absorption signals from tryptophan (Trp) and Trp-Ala in pH 7.0 
solution at  20 "C. The initial sharp spike (fwhm - 1.5 ps) is 
the coherent coupling artifact;21 it may also contain contributions 
from the optical Kerr effect in water. The spike was observed 

(21) Fleming, G. R. Chemical Applications of Ultrafast Spectroscopy; 
Oxford University Press: New York, 1986. 
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TABLE 11: T~ of Tryptophan Derivatives Measured by Fluorescence 
Anisotroov 

compound 7or,L1 PS 

tryptophan (pH 7) 33.2 f 5.5 
34.4 f 4.9 

tryptamine (pH 7) 23.4 f 1.3 
3-indolylpropanoic acid (pH 7) 26.4 f 1.1 
3-methylindole 12.1 f 2.6 

tryptophan (pH 11) 

a The quoted error represents the variation in repeated measure- 
ments. 

in pure-water samples but not in alkanes such as hexane or 
hexadecane. Anisotropy decay times were obtained by fitting the 
curve after the decay of the spike. All the data were well described 
by a single-exponential decay. Values of reorientation times 
obtained via eq 2 are listed in Table I. 

The tryptophan reorientation time in the ground state a t  pH 
7 is 34.8 f 1 ps. This compares with values of 49 ps reported 
by Hochstrasser22 and 86 ps reported by L a k o ~ i c z , ~ ~  both values 
relating to excited-state reorientation. The reorientation times 
of the dipeptides increase as the volume of the second peptide 
increases. We return to this point in a later section. The pK, 
of the -NH,+ group on the free amino acid is 7.8.24 At pH 11 
where the amino group is neutral, the reorientation time was very 
slightly faster, implying that coupling to the solvent is slightly 
weaker for the anion than for the zwitterion. However, the 
difference is barely outside our error limits. 

Data for fluorescence anisotropy measurements are listed in 
Table 11. In these measurements the instrument function has 
a width of -90 ps, and the covariance of r(0) and T,, for such 
short T,, values is large. In fact X: is approximately dependent 
on the product r ( 0 ) ~ ~ .  For this reason the initial anisotropy was 
fixed at r(0) = 0.3 (for A,, = 295 nm). This value agrees quite 
well with the value of 0.28 obtained by Valeur and Weber in frozen 
glasses8 and gives a T,,, for tryptophan in good agreement with 
the absorption anisotropy. The lower accuracy of the excited-state 
measurements did not allow us to observe any difference between 
neutral and zwitterion reorientation. Eliminating the polar groups 
resulted in more rapid rotational motion as expected. Elimination 
of the carboxylic acid group (tryptamine) and the amino group 
(3-indolylpropanoic acid) decreased T , , ~  to 23 and 26 ps, respec- 
tively. Removal of both charged groups (and a methylene group) 
gave T,,, = 12 ps a t  the limits of the resolution of the apparatus. 

Comparison with Hydrodynamic Theory. Recent studies in 
our laboratory on the rotational motion of tram-stilbene in alkane 
solutions25 suggested that when the solvent size was less than the 
solute size, simple slip hydrodynamics gave a reasonable description 
of the reorientation. For larger solvents the solventsolute coupling 
was dependent on solvent size in a manner qualitatively in accord 
with free-space models.26 In the present case the solvent (water) 
is always small compared to the solute, although of course the 
presence of strong polar interactions may substantially complicate 
the application of a continuum model. An additional complication 
in the present case is that none of the molecules (with the exception 
of 3-methylindole) closely resembles a symmetric ellipsoid. Thus 
the calculated values of T,, assuming ellipsoidal shape must be 
regarded as rather rough estimates. 

Table I11 compares calculated and measured reorientation times. 
Calculated times are given for both stick and slip boundary 
conditions.21 For 3-methylindole the calculated reorientation time 
for an oblate rotor with a slip boundary condition ( T , , ~  = 9 ps) 
is close to the experimental value of 12 ps. Hydrogen-bond in- 
teractions with the indole N-H group are apparently too weak 

(22) Hochstrasser, R. M., private communication. 
(23) Lakowicz, J. R.; Laczko, G.; Gryczynski, I. Reu. Sci. Instrum. 1986, 

(24) Tanford, C. Physical Chemistry of Macromolecules; Wiley: New 

(25) Kim, S. K.; Fleming, G. R. J .  Phys. Chem. 1988, 92, 2168. 
(26) Dote, J. L.; Kivelson, D.; Schwartz, R. N. J .  Phys. Chem. 1983, 87, 

(27) Hu, C. M.; Zwanzig, R. J .  Chem. Phys. 1974, 60, 4354. 

57, 2499. 

York, 1961. 

249. 
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TABLE III: T,, Calculated by Debye-Stokes-Einstein Hydrodynamic 
Theory 

Trp obiate 
Trp prolate (La) 
Trp prolate (Lb) 
5-HO-Trp oblate 
5-HO-Trp prolate (La) 
5-HO-Trp prolate (Lb) 
Trp-Gly prolate (La) 
Trp-Gly prolate (Lb) 
Trp-Gly spherical 167 
Gly-Trp prolate (La) 
Gly-Trp prolate (Lb) 
Gly-Trp spherical 
Trp-Ala prolate (La) 
Trp-Ala prolate (Lb) 
Trp-Ala spherical 
Trp-Leu prolate (La) 
Trp-Leu prolate (Lb) 
Trp-Leu spherical 

86 
120 
120 
120 
123 
123 
123 
167 
167 
167 
167 
167 
167 
172 
172 
172 
195 
195 
195 

sample vol, A3 pa q,  CP 0,b deg ( T ~ , ) , '  ps 
3-methvlindole oblate 0.444 1.00 90 29 (9) 

0.455 
1.846 
1.846 
0.455 
1.846 
1.846 
3.320 
3.320 
1.000 
3.27 
3.27 
1 .oo 
3.250 
3.250 
1 .ooo 
3.33 
3.33 
1 .oo 

0.98 90 39 (13) 
0.98 80 31 (6) 
0.98 20 39 (7) 
1.0 90 40 (13) 
1.00 80 33 (6) 
1.00 20 41 (8) 
0.96 80 55 (28) 
0.96 20 95 (48) 
0.96 40 
0.97 80 55 (28) 
0.97 20 94 (48) 
0.97 40 
0.98 60 62 (31) 
0.98 40 95 (48) 
0.98 42 
0.98 80 66 (34) 
0.98 20 113 (58) 
0.98 47 

' p  is the axial ratio? * O  is the angle between the symmetry axis 
and the transition moment. c ~ o r  with stick boundary condition ( T ~ ,  

with slip boundary condition). 

to retard the motion significantly. Calculation of the reorientation 
time for tryptophan is not so straightforward. Depending on the 
orientation of the side chain, either an oblate or prolate shape 
seems most appropriate. In the prolate case we must also consider 
reorientation about the La and Lb transition dipoles. Results for 
these cases are given in Table 111; fortunately the calculated 
reorientation time is relatively insensitive to the choice of geometry. 
In this case the experimental value is much closer to the stick 
boundary condition result than the slip. The calculated slip values 
are a factor of 4-6 shorter than the experimental values. In this 
case the interaction of the water molecules with the C02- and 
NH3+ groups is sufficiently strong to generate some coherence 
between the motion of the probe and its nearest-neighbor solvent 
molecules.22 Similar comments apply to 5-hydroxytryptophan and 
to tryptamine and 3-indolylpropanoic acid. 

In the case of the dipeptides we have considered two geometries: 
an extended prolate form and a compact, roughly spherical form. 
In general the calculated times for the extended geometry with 
stick boundary conditions are somewhat longer than the measured 
T,,,. Curiously the spherical form with stick (slip giving T,,, = 0 
in the case of a sphere) gives results rather close to the experi- 
mental values. However, there is dubious merit in describing such 
molecules as smooth ellipsoids, and we turn to a more explicit 
modeling technique, that of molecular dynamics. 

Molecular Dynamics Simulations. To represent the shape and 
polar interactions in a more detailed way than is possible in a 
hydrodynamic description, we have carried out molecular dynamics 
(MD) simulations of tryptophan and indole reorientation explicitly, 
including solvent molecules. The calculations serve to test the 
accuracy of the interaction potentials between tryptophan and the 
model solvent, SPC water28 in this case. Since the result of the 
simulation is not in good agreement with the experimental results, 
we describe our procedure in some detail below. The Groningen 
molecular simulations system (GROMOS) was used for the 
calculation. 

The coordinates of six energy-minimized tryptophan conformers 
representing the three x, conformers and the two x2 conformers 
were taken from the minimization described p r e v i o ~ s l y . ~ ~  The 
GROMOS topologies of RT37C4 and interaction function po- 
tentials of IFP37C4 were used to generate the molecular topology 
file for t r y p t ~ p h a n . ~ ~  This file contains all connectivity infor- 

(28) Berendsen, H. J. C.; Postma, J. P. M.;  van Gunsteren, W. F.; Her- 
mans, J. Intermolecular Forces; Pullman, D., Ed.; D. Reidel: Boston, 1981; 
p 331. 

(29) Engh, R. A,; Chen, L. X.-Q.; Fleming, G. R. Chem. Phys. Left. 1986, 
126, 365. 

(30) van Gunsteren, W. F.; Berendsen, H. J. C. Biochem. SOC. Trans. 
1982, IO, 301. 
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mation and the various force constants for force and energy 
evaluations during the simulations. Solvent structure and force 
constants are also included in this file; SPC water parameters were 
used.2B The RT37C4 topology models tryptophan in the extended 
atom representation. In this approximation, aliphatic hydrogens 
and the carbons to which they are attached are incorporated into 
a single atom, with the force field parametrized accordingly. 
Because these simulations include only a single residue, this ap- 
proximation does not significantly reduce the total computation 
time required, as it does for protein simulations. 

Each conformer was placed at  the center of a truncated octa- 
hedral box for simulation with periodic boundary conditions, which 
was subsequently filled with equilibrated SPC water molecules. 
The size of the box was chosen such that each solute image is 
separated by six SPC solvent shells, to minimize artifacts intro- 
duced by the periodicity. Solvent shells are seen at approximately 
3,4,  6, and 7 A both for SPC water and in X-ray data.31 Thus, 
box dimensions were chosen such that any tryptophan atom was 
greater than 0.84 nm from the box walls for the first conformer. 
An equilibrated system of SPC water molecules was superimposed 
on the box and trypto han molecule; all water molecules outside 

water molecules were included in the box. The dimensions of the 
box for the other simulations were selected similarly, but the 
specific parameters were adjusted so that 247 water molecules 
were included in each system, to compare results. In all, there 
were 760 atoms in each simulation. 

The six systems were equilibrated as follows. The ensemble 
was first subjected to 30 steps of energy minimization of the 
steepest descents algorithm. The total energy of one particular 
conformation, for example, was reduced from 8 X lo9 to -7.8 x 
lo3 kJ/mol. Following this, a Gaussian distribution of random 
velocities was assigned to the atoms, and 1.5 ps of molecular 
dynamics was carried out. During the run, the time constants 
of the pressure and heat bath coupling were each 10 fs, and the 
temperature bath coupling was handled separately for both solvent 
and solute. This was, in effect, a quenched molecular dynamics 
type minimization, since velocities were rescaled frequently to 
remove excess kinetic energy from the system as it migrated down 
the potential surface. The rescaling was done separately to solvent 
and solute to quickly relieve the very large strains induced on the 
tryptophan by the relaxing solvent. The final step in the equil- 
ibration was 1.5 ps of molecular dynamics with the pressure and 
heat bath coupling constants set to 500 fs applied to the system 
as a whole.32 These were also the coupling values used during 
the dynamics runs. 

A step size of 1 fs was used for the initial equilibration. The 
latter equilibration and the subsequent molecular dynamics runs 
used a step size of 2 fs for the integrations. This value is ap- 
propriate for simulations with bond-length  constraint^.^^ Bonds 
were constrained to their equilibrium values with the SHAKE al- 
g ~ r i t h m . ~ ~  A nonbonded pair list was generated and updated 
every five steps and used to calculate the nonbonded forces. The 
pair list consisted of a list of all pairs of charged groups (localized 
regions of charge in the system) within a cutoff radius of 0.8 nm 
of each other. In addition, longer-range Coulomb forces were 
calculated for charged groups separated by up to 1.0 nm, the 
maximum distance for the 2.5-nm octahedral box to avoid in- 
cluding identical images in adjacent cells. The coordinates and 
velocities were recorded every 200 steps, and the energies were 
recorded every 50 steps. For the runs that were used for the 
analysis of solvent correlation functions, the coordinates and 
velocities were recorded every 20 steps. 

Similarly, a molecular dynamics simulation of 40 ps was run 
for indole surrounded by 248 water molecules in an octahedral 
box. The molecular topology file and coordinates for indole were 

the box or within 2.0 8: of any tryptophan atom were deleted; 247 
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Figure 6. Simulated rotational correlation function for Trp in SPC model 
water. The anisotropy decays with a time constant of -8 ps. 
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Figure 7. Simulated rotational correlation function for indole in S P C  
model water. The initial decay of the anisotropy has a time constant of 
-2 ps. 

generated from the tryptophan simulations, and the parameters 
were otherwise identical with the tryptophan case. 

Most calculations were performed on a Celerity C1200 running 
Unix 4.2 BSD. On the Celerity, each 10-ps simulation required 
approximately 60 h of CPU time. Several runs were also per- 
formed on the Cray-2 at the Minnesota Supercomputing Center. 
With vectorized routines for the nonbonded force evaluations, each 
10-ps simulation required approximately 7 h of Cray-2 CPU time. 
Analysis of the results was done with routines included in the 
GROMOS package as well as our own code. A total of 5 10 ps 
were simulated for tryptophan; 40 ps were simulated for indole. 

Rotational correlation functions were calculated for water, 
tryptophan, and indole as described by Chen et al.' For water, 
2 was represented by the 0-H vector, for comparison with previous 
MD results.35 The results of this calculation are shown in Figure 
6. The initial anisotropy decays rapidly to 0.32 and then increases 
somewhat. This is then followed by an approximately exponential 
anisotropy decay with a time constant of approximately 1 ps. The 
rapid initial decay corresponds to inertial motion of the solvent 
on the 100-fs time scale. The initial interactions tend to reverse 
the momentum; thus, on average, the anisotropy increases briefly 
at the time corresponding to the initial interactions. The ex- 
perimental value for the reorientation time of water extrapolated 
from the data of Jonas et al.36 is -2.6 ps. Thus as was found 
in previous studies35 the simulated reorientation time is significantly 
shorter than the true value. 

The rotational correlation function for tryptophan (see Figure 
6) was calculated for La only, assuming that there is no equili- 
bration with Lb and that the orientation of the La transition dipole 
moment lies along the vector defined by the ring nitrogen and the 
ring carbon C, or a t  an angle of -25O from the ring axis. This 
value was somewhat arbitrarily chosen for ease of calculation; the 
actual orientation of the La transition moment is thought to be 
at  a slightly larger angle from the ring axis. This will not ap- 
preciably affect our results. 

(35) Remerie, K.; van Gunsteren, W. F.; Engberts, J. B. F. N. R e d .  Trau. 

(36) Jonas, J.; DeFries, T.; Wilbur, D. J. J .  Chem. Phys. 1976, 65, 582. 
Chim. Pays-Bas 1985, 104, 79. 
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Figure 8. Experimental reorientation times for Trp, several derivatives, 
and dipeptide to hexapeptide versus unhydrated volume. 

The rotational correlation function calculated for tryptophan 
decays roughly exponentially with a lifetime of approximately 8 
ps. This is much faster than the experimental value of 35 ps. 
Scaling the simulated result by a factor of 2.6 brings the value 
up to 21 ps, still significantly shorter than the measured value. 
To determine whether the attractive portion of the solventsolute 
interaction was causing the discrepancy, we calculated the rota- 
tional correlation function for indole. Indole lacks the charged 
groups of zwitterionic tryptophan and is therefore not expected 
to form hydrogen bonds with water. Figure 7 shows the result. 
The function decays initially with a lifetime of less than 2 ps and 
then slows. It is significantly faster than tryptophan, indicating 
that the greater size and charged groups of tryptophan are indeed 
slowing its rotation and that the discrepancy in simulation and 
experimental results may not be due to inadequately modeled 
hydrogen bonding. Again, increasing the simulated value by 2.6 
times still leaves the simulated reorientation time abbut a factor 
of 2 shorter than the experimental value. (We assume that indole 
will have a reorientation time very slightly less than that of 3- 
methylindole.) The correlation function of indole is not a sin- 
gle-exponential decay; this could arise from rotation about different 
axes of the molecule, i.e., in plane spinning and tumbling motions.21 

Although the simulated reorientation times are about 4 times 
shorter than the experimental values, their ratios are roughly 
correct. At present we do not know the origin of the discrepancy 
between simulation and experiment, and further simulations are 
planned to address this issue. 

internal Flexibility of Small Peptides. We previously studied 
the fluorescence anisotropies of the two single tryptophan-con- 
taining polypeptides ACTH and glucagon and a series of their 
fragments4 For the larger peptides the anisotropy was fit with 
a double-exponential decay, but in the shorter fragments the 
anisotropy fit well to a single-exponential time constant. Figure 
8 shows how the reorientation time of the short peptides scales 
with molecular volume. In contrast to the volumes used in the 
hydrodynamic calculations the volumes shown in Figure 8 were 
determined directly from the true volume of space-filling models. 
The latter was determined by displacement of water (method of 
Archimedes). The reorientation time increases quite linearly with 
total molecular volume. For fragments larger than ACTH 5-10 
the anisotropy was clearly n~nexponential.~ Figure 9 shows how 
the short time constant (T,,J and the mean reorientation time 
( ( T ~ ~ )  = [r1(0)7011 + r2(0)~w2]/[r1(O) + rz(0)])  vary with molecular 
volume for the larger polypeptides. As volume increases, the short 
component remains roughly constant a t  the value of the single- 
exponential anisotropy decay of ACTH 5-10. In other words, 
the short time constant corresponds to the reorientation time of 
a peptide with a volume of about 500 A3 or six residues, implying 
perhaps that the internal motions can be modeled by larger units 
rather than single amino acids, at least on the picosecond to a few 
nanoseconds time scale. The mean reorientation time, on the other 
hand, continues to increase to a volume of about 1800 A3 and then 
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Figure 9. Plot of average reorientation time ( T )  (see text) (0) and short 
component in the anisotropy 7, (v) versus unhydrated volume for pep- 
tides ranging from Trp to ACTH 1-39. 

becomes constant. As discussed previously in the context of the 
theory of Perico and Guenza6 the tryptophan motion is uncor- 
related with residues more than 10 segments away4 and thus 
becomes insensitive to further increases in the length of the po- 
lypeptide. 

Concluding Remarks 
We have reported - 1-ps resolution absorption anisotropy 

measurements of the reorientation of tryptophan and several 
dipeptides in aqueous solution. The data illustrate the influence 
of polar interactions in slowing the reorientation of solute mole- 
cules: for 3-methylindole the reorientation is similar to slip 
boundary condition prediction, whereas for zwitterionic tryptophan 
the reorientation time corresponds more closely to a stick boundary 
condition model. The absorption anisotropies decay with sin- 
gle-exponential kinetics at the level of our experimental precision. 
Molecular dynamics simulations of the reorientation using SPC 
model water give times that are substantially faster than the 
experimental values. However, the ratio of reorientation times 
of tryptophan and indole is roughly correct in the simulations. 

Comparing the current data with previous studies of poly- 
peptides, we find that internal flexibility of the peptide becomes 
detectable at a length of six residues. The short component in 
biexponential fits to the anisotropy of longer peptides remains 
roughly constant at the value for six residues, suggesting that the 
motion of longer peptides could be modeled by considering the 
motion of units larger than single residues. 
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Addendum 
After completion of this paper it was reported to us by Dr. Van 

Gunsteren that the SPC water potential does not take the self- 
energy term into account. A paper describing this has appeared 
very re~ent ly .~ '  The new parameters for SPC decrease the 
diffusion coefficient significantly3' and may thus bring simulated 
reorientation times into much closer agreement with experiment. 
Simulations are under way to check this point. 
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