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A molecular dynamics simulation is used to explore the conformational dynamics of tryptophan. The simulations imply a 

substantial time scale separation for motion around the x1 or xz bonds. We propose a model for tryptophan non-exponential 

fluorescence decay in terms of two xz conformers each consisting of equilibrium distributions (on the fluorescence time scale) 

of x1 conformers. 

1. Introduction 

Tryptophan has been widely used as a probe of 
protein environment and dynamics. Proper interpreta- 
tion of the experimental results requires a detailed 
understanding of tryptophyl photoprocesses, so much 
effort has been made to understand the fluorescence 
decay of zwitterionic tryptophan. For a review of 
these efforts, see ref. [l] . It is now well established 
that the fluorescence decay of tryptophan (3 < pH < 
9) is non-exponential [2-61. The decay at neutral 
pH has generally been fit to a sum of two exponentials; 
a third exponential appears at higher pH due to the 
presence of anionic tryptophan [7,8]. It has generally 
been assumed that the non-exponentiality of the 
zwitterion is due to the presence of two or more con- 
formers which do not interconvert during the fluores- 
cence lifetime [9-141 and that the lifetimes corre- 
spond to the conformers in a simple manner. However, 
as pointed out by James and Ware [ 15,161, it is by no 
means self evident how many stable conformations 
(i.e. confined by barriers greater than a few k&“) tryp- 
tophan has, or on what time scale these conformers 
interconvert. Given this uncertainty it is quite possible 
that the “double exponential decay” obtained by nu- 
merous workers is, in reality, a distribution of life- 
times that, at the precision levels commonly em- 
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ployed, cannot be distinguished from the correct func- 
tional form. 

The existence of multiple tryptophan conformers 
has been confirmed by a variety of techniques, in- 
cluding NMR [ 17-201, molecular mechanics [2 l-231, 
and recently in supersonic jet experiments by Levy 
and co-workers [24]. In particular the spectra of 
Bizzo et al. [25] show that under the conditions of 
the supersonic expansion a comparatively small num- 
ber of conformers are frozen in. 

The most successful of the models proposed to ex- 
plain the photophysics of tryptophan has been the 
rotamer model, originally proposed by Wahl and co- 
workers [9,10], who suggested that rotamers about 
the C,--C@ dihedral (x1) are responsible for the dif- 
ferent lifetimes (see fig. 1). Petrich et al. have analyzed 
and modified this original model to rationalize the 
photophysics of a variety of tryptophan derivatives 
[ 131. Under the assumption that x1 conformer inter- 
conversion was slow on the fluorescence time scale, 
they [8,13] and other workers [14,26,27] have hy- 
pothesized that electron transfer to an electrophilic 
substituent [28,29] is the non-radiative transition 
responsible for the fluorescence quenching. Tempera- 
ture-dependent studies showed that the two lifetimes 
for each species differed only in preexponential fac- 
tor and had the same activation energies [8,13]. This 
is consistent with an electron transfer process giving 
both lifetimes, since the prefactor is expected to 
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Fig. 1. ~1 rotamers of tryptophan and its derivatives. For 
zwitterionic L-tryptophan, R = NH:, R’ = CO;, A = g-, B = t, 
C = g’. The x1 rotamer model for tryptophan fluorescence 
[8-131 associates the short lifetime component with the t 
and g+ conformers which place the activated carboxylate 
group near the indole; the longer lifetime is associated with 
the g- conformer. 

depend on orientation, whereas the activation energy 
depends on the identity of the donor and acceptor 
groups which are conserved in the different conformers 

]28]. 
In this paper, we examine the conformational dy- 

namics of tryptophan using classical molecular dy- 
namics simulations. We used the Groningen molecular 
simulation system (GROMOS) for our simulations; 
this package includes potentials developed for protein 
simulation atd also programs to perform the necessary 
calculations . 

Our simulations indicate that the x1 rotamers may 
interconvert rapidly relative to the fluorescence life- 
time, and thus a different model may be required to 
explain the non-exponential fluorescence decay of 
tryptophan. However, the simulations indicate that 
X2 transitions (about the CD--C, dihedral) occur slow- 
ly compared to x1 transitions and we propose that the 
fluorescence decay of tryptophan is indeed double ex- 
ponential with the two components being associated 
with the two x2 rotamers. We suggest, based on the 
simulations, that the x1 rotamers interconvert suffi- 

* Information on GROMOS is available from Professor 
W.F. van Gunsteren, Laboratory of Physical Chemistry, 
University of Groningen, Groningen, The Netherlands. 

ciently rapidly that they are essentially equilibrated 
on the time scale of the fluorescence. In this note we 
evaluate this model in terms of experimental data on 
tryptophan and several derivatives, paying particular 
attention to comparisons with the modified con- 
former model. 

2. Methods 

Initial conformations for the simulations were 
generated in the same manner as has been done by 
Scheraga and co-workers and Anderson et al. [21-231 
who used the ECEPP potential [30,3 11. Fifty-four 
initial conformations were generated from the X-ray 
structure ** of tryptophan by rotating the molecule 
about its unrestricted dihedrals, selecting rotamers 
with intrinsic torsional minima for X1 and sampling 
rotamers for x2 and J/ dihedrals (three x1 rotamers, 
six x2 rotamers, and three J/ rotamers) and taking all 
possible combinations. Each conformation was then 
minimized with respect to energy using both (from 
GROMOS) a steepest descents algorithm and a conju- 
gate gradients method alternately to ensure conver- 
gence. The steepest descents minimization was done 
with a final convergence criterion of an energy differ- 
ence of 0.005 kJ/mole. The conjugate gradients mini- 
mization was done first with a difference criterion of 
0.001 kJ/mole. 

A two-dimensional potential surface for X1, X2 con- 
formations was generated by rotating the x1 and x2 
dihedrals and restraining the three interatomic dis- 
tances which specify the dihedral (fig. 2). Each con- 
figuration was minimized with respect to energy for 
the remaining degrees of freedom, and the resultant 
energy was chosen for that grid point. The minimiza- 
tion was carried out using the steepest descents meth- 
od with an energy difference convergence criterion 
of 0.005 kJ/mole. The surface thus represents a two- 
dimensional minimum energy cross section of the 5 1 
(3N - 6) dimensional potential energy surface for the 
nineteen atoms of the extended atom representation 
[38] of tryptophan. 

The molecular dynamics trajectories are numerical 
integrations of Newton’s equations of motion for the 
nineteen atoms of tryptophan moving in the GROMOS 

** Standard residue topologies are included in GROMOS. 
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Fig. 2. Approximate twodimensional potential energy surface for the tryptophan x1 and x2 rotamers. Energy (in contours of 4 
Id/mole) is plotted as a function of the x1 and x2 dihedral angles. 

potential. The integrations were carried out using 
fixed bond lengths using the SHAKE algorithm, which 
enables a step size of 1 fs or larger [32]. The integra- 
tion algorithm included a coupling to a heat bath [33] 
with a time constant of 0.1 ps to approximate solvent 
effects. This was done with a velocity resealing al- 
gorithm which approximates the heat bath coupling 
obtained in Langevin simulations but which does not 
include stochastic variations on the orientation of 
random forces and which does not distinguish be- 
tween various degrees of freedom coupled to the heat 
bath. Two runs were initiated for each of the six x1, 

x2 conformers. In all, twelve 100 ps MD trajectories 
were calculated. The first 5 ps of each trajectory is 
considered an equilibration period. 

3. Simulation results: a new model for tryptophan 

photophysics 

The primary goal of our simulation is to explore 
the assumption, necessary for the x1 rotamer models 
for tryptophan fluorescence, that few or no rotamers 
interconvert during the lifetime of the fluorescence by 
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Fig. 3. Two dynamics trqiectories demonstrating the relative 
time scales for ~1 and ~2 interconversion. Each trajectory 
(95 ps + 5 ps equilibration) carries the system through aII 
three x1 rotamers, but neither contains a ~2 transition. (a) 
Initial configuration: xl= 180” (t), x2 = 90” (antiperpendic- 
ular); (b) initial configuration: x1 = 60" (g+), x2 = -90" (per- 
pendicular) . 

classical simulation. Thus, by simply counting the 
transitions which occurred during the simulations, we 
may estimate interconversion rates (see fg 3). During 
a total of 1.2 ns, forty-eight x1 transitions were ob- 
served, indicating an average rotamer lifetime of 25 ps. 
Most (thirty-five) of these transitions were between 
the t and g’ isomers, since the steric hindrance of the 
indole ring eclipsed with hydrogen is small. Twelve of 
the remaining thirteen transitions were between the 
g- and t rotamers, Indicating a lower transition barrier 
for the carboxylate group than for the ammonium 
group. A single transition between the g- and g+ ro- 
tamers occurred during the simulations. No significant 
difference for the interconversion rates was observed 
between the perpendicular and antiperpendicular x2 
rotamers was observed (six g- to t conversions and 
seventeen t to g+ conversions occurred for each x2 ro- 
tamer). 

Interconversion of x2 rotamers was much slower. 
Only two x2 lnterconversions were seen in the simula- 
tions. A typical 100 ps trajectory (see fig. 3) took the 
system through all three x1 rotamers with no x2 transi- 
tions. x2 transitions occurred frequently during high- 
temperature (500°C) simulations [34] of tryptophan 

however, indicating that the relative infrequency of 
x2 transitions seen in room-temperature simulations is 
a characteristic of reasonable potentials; this result is 
also consistent with the barriers seen in the x1, x2 po- 
tential surface calculated for tryptophan. This time 
scale separation indicates that on a nanosecond time 
scale, two tryptophan species exist in solution, namely 
the antiperpendicular conformer (with three essential- 
ly equilibrated x1 rotamers) and the perpendicular x2 
conformer (also with three equilibrated x1 rotamers). 
This in turn suggests a new model for tryptophan’s 
double exponential fluorescence, namely that the two 
lifetimes correspond to the two conformers, and that 
the lifetimes are determined by a weighted average of 
the fluorescence lifetimes of the x1 rotamers of each 
x2 conformer. 

1~ order to see whether the time scale separation is 
adequate to reduce the problem from a six-state prob- 
lem to a two-state problem it is useful to consider a 
simple two-species kinetic scheme, A f A* * B* + B. 
As a specific example, assume the two species have 
identical equilibrium populations and that one fluor- 
esces with a lifetime three times longer than the other. 
Inserting these values Into the general solution [35], it 

becomes clear that if the exchange time is less than 
one-half of the shortest lifetime component, the decay 
is very nearly single exponential. If the exchange time 
is equal to the lifetime of the longer component, the 
decay is clearly double exponential, although the life- 
times do not reach the limiting values until the ex- 
change time is approximately five times greater than 
the longer lifetime. We thus conclude that the simula- 
tions do suggest that the fluorescence decay can be de- 
scribed in terms of two groups of conformers, distin- 
guished by their x2 angle. 

Because of the planar symmetry of the indole ring, 
it may not be obvious why the two x2 rotamers might 
possess different lifetimes. The tryptophan molecule is 
chiral, however, and this chirality places the charged 
groups in different orientations relative to the indole 
ring. For example, while the proximity of the acid 
group to the 6 1 carbon on the lndole ring is identical 
for the perpendicular g+ @I = 60”) x2 = 90”) con- 

former and the antiperpendicular t (x1 = 180”, x2 = 
-90”) conformer, the former has two charged groups 
in the vicinity of the indole ring while the latter has 
only one. It seems quite likely that both the emission 
spectrum and the interactions (orbital overlaps) lead- 
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Fig. 4. Perpendicular (x2 = 90”) and antiperpendicular (x2 = 
-90”) g+ conformers of L-tryptophan in the extended atom 
representation (CH and CH2 groups are represented by single 
atoms). 

ing to electron transfer could differ significantly in the 
two configurations. For example, quenching by charge 
transfer may be most efficient with both charged 
groups close to the indole ring (the g- conformer) but 
particularly so when the ammo group is nearer the in- 
dole nitrogen (the antiperpendicular conformer - see 
fg 4). An additional effect that must be considered 
is that steric or electrostatic (but non-quenching) in- 
teractions may influence the free energies of the x1 
conformers differently in the two x2 conformers. In 
this case even if the quenching interactions (orbital 
overlaps) are unaffected by the presence of a second 
substituent, the two x2 conformer “sets” may have 
different lifetimes if an efficiently quenching orienta- 
tion is more favorable in one conformer. For example, 
if the fluorescence lifetime of the g+ perpendicular 
conformer is sensitive only to the orientation of the 
carboxylate group relative to the indole ring, the equiv- 
alent orientation in the antiperpendicular conformer 
(t) might have a substantially higher equilibrium popu- 
lation due to lesser steric hindrance from the amino 
group. Simulations on a series of tryptophan deriva- 
tives will be very helpful in assessing this effect. For 
the present we take as a postulate that one or both 

mechanisms occur in tryptophan and its derivatives 
and proceed to confront our proposed model with the 
experimental data and to make comparisons with the 
previous conformer model. 

4. Comparison with experiment 

Because the x1 rotamer model is capable of ratio- 
nalizing the fluorescence of tryptophan and a wide va- 
riety of tryptophan derivatives quite successfully [8, 
131 we require that the x2 model must be at least as 
successful. Thus, we now briefly review relevant as- 
pects of the experiments on tryptophan and its deriv- 
atives and the rationalization of the experiments using 
a x1 rotamer model. We then compare these experi- 
mental results (given in table 1) with the predictions 
of the x2 rotamer model proposed above, and the previ- 
ous x1 rotamer model (also called the modified con- 
former model). 

Temperaturedependence studies of the molecules 
whose decays were fit as a double exponential, showed 
that the two lifetimes for each species differed only in 
pre-exponential factor and had the same activation 
energies [8,13]. This is consistent with an electron 
transfer process giving both lifetimes, since the prefac- 
tor is expected to depend on orientation whereas the 
activation energy depends on the identity of the donor 
and acceptor groups which are conserved in the differ- 
ent conformers [28]. The shortest fluorescence life- 
time components (100 to 900 ps) are exhibited by 
those compounds which possess “activated” ester 
groups bonded to the alpha carbon. The activators are 
electrophilic groups also attached to the alpha carbon 
which enhance the electrophilicity of the quenching 
group [27,36,37], and the lifetimes are inversely re- 
lated to the electrophilicity of the group. Amides and 
carboxylate groups also quench effectively when “ac- 
tivated”, giving lifetimes of 0.3 to 2 ns. Unactivated 
ester groups quench also, with lifetimes of 2-4 ns. In 
order to facilitate comparison we discuss the com- 
pounds in table 1 in four groups. 

4.1. Monosubstituted 3ethylindoles 

The x2 rotamer model provides a simpler and more 
appealing rationale of the decays of these compounds 
than does the x1 rotamer model. Typical examples are 
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Table 1 
Fluorescence lifetimes of tryptophyl compounds al 

Compound Al 71 (ns) 72 W 

tryptamine @H 7) [ 121 - 6.14 
indole 3-propionic acid [ 121 - - 10.76 f 0.08 
indole 3gropionic ethyl ester [ 121 - - 3.36 f 0.04 
indole 3-propionamide [ 121 - - 8.67 f 0.05 

AA 1131 - - 1.23 f 0.04 
EE [13] 0.14 f 0.01 
NATA [13] - 2.95 f 0.03 
GIy-Trp-Gly [ 131 0.60 i 0.03 0.69 f 0.06 1.69 * 0.09 

tryptamine @H 11) [13] 
trrptophan ethyl ester [12] b, 0.18 0.47 * 

9.0 f 0.25 
0.03 1.53 f 0.09 

tryptophanamide @H 9) [ 131 - 7.01 f 0.02 
tiyptophan W 11) 141 

tryptophanamide (a) [13] b, 054 * 0.04 

8.18 * 0.24 

1.14 f 0.01 2.04 f 0.04 
tryptophan @H 7) [ 131 0.22 f 0.01 0.62 f 0.05 3.21 * 0.12 
Trp-Gly [13] 0.23 f 0.01 0.51 f 0.05 1.91 i 0.06 
Trp-Gly @H 11) [8] - 7.90 f 0.24 
NATE [13] 0.32 f 0.03 0.42 f 0.03 1.70 f 0.03 
NAT [13] 0.33 * 0.08 2.62 f 0.13 5.18 i 0.10 
Gly-Trp [ 131 0.46 f 0.03 0.29 f 0.04 1.26 * 0.01 
Gly-Trp-Gly-GIy [ 131 0.30 * 0.03 0.34 f 0.03 1.23 * 0.01 
AE [13] 0.55 f 0.06 0.11 f 0.01 0.55 f 0.02 

a) Aex = 295 Nn, lie, > 320 nm, T = 2O”C, pH = 5 unless otherwise specified. The absence of a value for A 1 implies that the fluo- 
rescence decay was single exponential. Al + A2 = 1 for double exponential decays. 

b)pKa - 7,ref. [12]. 

tryptamine, indole3.propionic acid, ethyl indole3- 
proprionate, and indole-3-propionamide. In each case 
a single exponential lifetime is observed experimental- 

ly [ 121. The lifetimes range from 11 ns (the acid) to 
3.4 ns (the ester). The short lifetime of the ester im- 
plies that the charge transfer process is occurring in 
this compound. A conformer model based solely on 
x1 rotations predicts a double exponential for the flu- 
orescence decay, one for the ester group tram to the 
indole, and one for the rotamers with the ester gauche 
to the indole ring. Since the molecules are achiral, the 
parallel and antiparallel confgurations are identical 
and the x2 rotamer model predicts the single lifetime 
successfully. 

4.2. 3ethyl indoles with two identical substituents 

As with the previous case, these molecules are also 
achiral in the limit of rapid XI equilibration, and 
therefore should exhibit single exponential fluores- 
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cence decay according to the x2 rotamer model. Sub- 
stances in this class include (3-indolyhnethyl) malona- 
mide (AA) and diethyl(3-indolyhnethyl) malonate 
(EE). The diamide (AA) and diester (EE) both have 
single exponential lifetimes, with time constants of 1 
and 0.1 ns, respectively. For these compounds, x1 
rotamer models must suppose either that x1 intercon- 
version for these compounds is anomalously rapid or 
(as was done previously) that the proximity of two 

good quenching groups does not enhance the quench- 
ing over that from a single good quenching group. 

Compounds such as N-acetyltryptophanamide 
(NATA) and the tripeptide Gly-Trp-Gly might also 
be considered candidates for this classification. These 
two compounds differ only in the substituents beyond 
the two peptide groups bonded to the alpha carbon. 
The orientation of the peptide groups is not symmetric, 
however. With this rationalization, the single exponen- 
tial lifetime of NATA is explained, but not the double 
exponential lifetime of Gly-Trp-Gly. However, the 
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conformational structure of Gly-Trp-Gly may be 
more complex than the other molecules considered 
here. For example, the larger size of the peptide also 
allows charged end groups to come in contact with 
the ring. Further calculations are required to address 
this point. The xl rotamer models have similar diffi- 

culties with these compounds. 

4.3. Compounds containing neutral amino groups 

These compounds include tryptamine, tryptophan 
ethyl ester, tryptophan amide, and tryptophan at 

basic PH. The ester has double exponential decay; the 
others exhibit single exponential fluorescence. Of 
these compounds, only tryptophan ethyl ester shows 
significant quenching; the others have lifetimes of 
7-9 ns. If there is no quenching, the side chain con- 
formation is irrelevant and there is only one lifetime. 
The ester group, however, quenches even when not 
activated. The fluorescence decay should then also be 
double exponential according to this model. 

4.4. Other compounds 

The fluorescence decays of the other tryptophan 
derivatives in table 1 are all easily explained by the x2 
model. They all have double exponential lifetimes, 

and each possesses a chiral alpha carbon. The mecha- 
nism giving rise to the double exponential decay may 
be either of, or a combination of, the proposed possi- 
bilities, i.e. differing exchange interactions and/or dif- 
fering equilibrium distributions of x1 conformers. 

5. Conclusion 

A model in which the parallel and antiparallel (fig. 
4) groups of equilibrated x1 conformers of tryptophan 
exist as distinct species on the fluorescence time scale, 
provides a simple and appealing rationale for the range 
of exponential or nonexponential decay observed in 
tryptophan and its derivatives. The model is notably 
more comfortable in predicting the single exponential 
lifetimes of the achiral derivatives than the previous 
x1 models, which require rather contrived explana- 
tions for these molecules [ 131. 

Simulations which explicitly include solvent are 
needed to determine conversion rates and conformer 

populations with greater confidence. Our current sim- 
ulations demonstrate a time scale separation for x1 
and x2 interconversions. A similar time scale separa- 
tion has also been observed by Brooks and Karplus 
[4Q]. Solute-solvent interactions such as hydrogen 
bonding, solvent friction, and collisions must be con- 
sidered for quantitative estimates of conversion rates 
[39]. However, it seems reasonable to expect the 
time scale separation to persist, since it is likely that 
solvent frictional effects will retard x2 interconver- 
sions more than x1 interconversions. Further calcula- 
tions to test these ideas are underway. 
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