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ABSTRACT Time-resolved fluorescence spectroscopy of
tryptophan and two related dipeptides, tryptophylalanine and
alanyltryptophan, has been carried out on the subnanosecond
time scale by using picosecond exciting pulses at a wavelength
of 264 nm. Detection was with an ultrafast streak camera cou-
pled to an optical multichannel analyzer. The zwitterions of
these molecules show a definite nonexponential fluorescence
decay which can be analyzed in terms of two exponentials. The
two decay rates increase strongly with increasing temperature,
as does the weight of the faster component. In tryptophan at pH
11, where the amino group is deprotonated, there remains only
a single temperature-dependent exponential. The results are
interpreted in terms of two kinds of trapped conformers in the
excited state that interconvert no quicker than the time scale
of the fluorescence. A model is suggested in which the non-
radiative processes in one conformer approximate those in the
bare indole moiety. The nonradiative decay rate of the other
conformer is substantially faster. It is believed that the process
responsible for this fast decay is intramolecular electron transfer
from the indole ring to the amino acid side chain. The predi-
lection for this electron transfer depends on steric relationships
as well as on the electron-attracting power of the carbonyl group.
This picture is consistent with earlier fluorescence quantum
yield results. In fact, a self-consistent picture emerges from the
temporal and yield data that quantitatively explains most im-
portant facets of tryptophan photochemistry in aqueous solu-
tion.

Tryptophan is the most photochemically labile of the amino
acids and plays an important role in the photolysis and pho-
toinactivation of proteins and enzymes (1). In spite of these
important connections and the large amount of work that has
been carried out, neither the rates and yields nor the nature of
the various nonradiative pathways in this molecule is as yet well
characterized.

It has long been known (2) that irradiation of aqueous tryp-
tophan and other indole derivatives in the 280-nm absorption
band leads to the formation of solvated electrons. Although
there is still some uncertainty about the yield (3), because of the
presence of fast recombination of the ejected electron with the
counter radical cation, this photoionization is generally thought
to be monophotonic and a major nonradiative pathway (4).
Photoionization is not confined to indole derivatives, of course,
and is of general interest in its own right. Along with other types
of radiationless decay, such as intersystem crossing, it must be
considered in any global description of the photochemistry of
this series of molecules.
Some time ago it was demonstrated by Cowgill (5) that the

fluorescence quantum yield of aqueous tryptophan responds
to changes in the ionization state of the amino group and the
carboxylic acid. Cowgill suggested that electronegative groups

within the tryptophan molecule are responsible for intramo-
lecular quenching of the excited state and that the pH variation
of the quantum yield is due to the decrease in electronegativity
of -COOH and -NH+ when they lose protons at pH values
of about 2.4 and 9.4, respectively. That the excited state of
tryptophan is also susceptible to collisional quenching has been
demonstrated by Steiner and Kirby (6), who found that a large
range of electron scavengers were efficient in quenching
tryptophan fluorescence. The yields of solvated electrons and
fluorescence of tryptophan in aqueous solution also show a
marked temperature dependence. Bent and Hayon (4) have
shown that, in the temperature range 30°-80°, the solvated
electron yield increases 3-fold. Earlier observations by Kirby
and Steiner (7) showed that the fluorescence yield falls off
markedly over this same temperature range.

Although the experiments mentioned above have provided
a wealth of information on the various nonradiative processes
occurring in aqueous tryptophan, accurate fluorescence lifetime
measurements are necessary to piece together a complete and
unambiguous picture of the photophysics of this and related
molecules. There has been some variation in the reported life-
time for tryptophan in aqueous solution, with modern values
(cf. ref. 8; 9) lying in the range 2.6-3.0 nsec. At pH 10-11, the
lifetime increases (9) to -9.0 nsec. However, these measure-
ments were all made by the method of time-correlated single-
photon counting, assuming a single exponential for the func-
tional form of the fluorescence decay curve. Recently it has
been shown that the decay of tryptophan in neutral solution is
not a simple exponential (10, 11). Thus, these literature values
can no longer be considered entirely accurate.
The recent development of picosecond laser excitation with

a streak camera detection system has enabled kinetic fluores-
cence spectroscopy to be routinely performed in the 5-psec to
5-nsec time domain. Using this technique, we have examined
the kinetics of the fluorescence decay of tryptophan and of two
related dipeptides, tryptophylalanine and alanyltryptophan,
under various conditions of pH and temperature.

EXPERIMENTAL
Tryptophan, tryptophylalanine, and alanyltryptophan were
obtained from Sigma and used without further purification.
Comparison of the absorption and excitation spectra of the
samples showed no sign of any fluorescent impurities. All
glassware was steam-cleaned prior to use, and all samples were
prepared with triply distilled water. Sample concentrations of
0.1 mM were used for the fluorescence lifetime measurements
and 10 ,uM for the fluorescence excitation and emission
spectra.
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The experimental apparatus used for the fluorescence decay
measurements is similar to that described in recent publications
(12, 13). The fluorescence decay curves were obtained by ex-
citation of the various solutions contained in a 1-cm-path-length
quartz cuvette. A single pulse selected from the output of a
mode-locked Nd3+:phosphate glass laser was amplified and
then converted to the fourth harmonic by two frequency-
doubling stages before being used for excitation (X - 264 nm;
tp 6 psec; E 0.2 mJ). Solutions were deoxygenated by
bubbling with argon and were changed after each series of 15
laser shots to prevent the possible accumulation of photo-
products.
The fluorescence decay was monitored at right angles to the

direction of excitation. Distortion of the temporal decays be-
cause of the velocity of light through the sample or because of
dispersion between the excitation light and the fluorescence
light was negligible. The input optics to the streak camera at
the University of Melbourne are made of heavy flint glass and
so the transmission cut-off is at -370 nm. Thus, for each of the
compounds studied, only the "red end" of the fluorescence
emission could be detected. Finally, the data were transferred
from the streak camera/optical multichannel analyzer detec-
tion system to an on-line computer for storage and analysis.

Fluorescence emission and excitation spectra were recorded
on a Perkin-Elmer MPF3 spectrofluorimeter. For the emission
spectra, the exciting wavelength was 265 nm with excitation
and emission bandpasses of 4 and 6 nm, respectively. Excitation
spectra were recorded at an emission wavelength of 400 nm
with excitation and emission bandpasses of 2 and 12 nm, re-
spectively.

RESULTS
A nonlinear least- squares optimization routine, based on the
theory developed by Deming (14), was used to fit the decay
curves. Single exponential decays were fit to a function of the
form

I(t) = A exp(-t/T)+B [1]

in which I(t) is the calculated intensity at the time t, A is the
amplitude, r is the fluorescence lifetime, and B is a baseline
parameter. The nonexponential decays could be fit well by the
sum of two exponentials,

1(t) = A[f exp(-t/r,) + (1 - f) exp(-t/12)] + B [2]
in which T1 and T2 are the lifetimes of the two components and
f is the weight of the component having lifetime Tr.

Tryptophan. Fluorescence decay curves were recorded for
tryptophan in aqueous solution at pH 7 for various temperatures
in the range 19.5°-78°. Under these conditions, tryptophan
exists in the zwitterion form. At room temperature (19.5°) the
decay is definitely not a single exponential (Fig. 1) but can be
described as the sum of two exponentials with lifetimes rl = 2.1
± 0.2 and 12 = 5.4 + 1.1 nsec and a relative weightf = 0.77 ±
0.12 for the faster component. The lifetimes of both components
decreased markedly with increasing temperature (Table 1).
Also, as the temperature increased, the fraction f of the fast
component increased. In fact, at temperatures above about 60°
the contribution from the slow component was so small that a
meaningful double exponential fit cannot be performed. In
these cases the data could be fit well by a single exponential.

In aqueous solution at pH 11, the amino group of tryptophan
exists in the unprotonated -NH2 form. At this pH the fluo-
rescence decay curves are single exponentials at all tempera-
tures in the range 19.5°-78°. This fluorescence lifetime also
showed a strong temperature dependence, decreasing from 8.2
+ 0.1 nsec at 19.50 to 0.60 ± 0.03 nsec at 780 (Table 1). Due to
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FIG. 1. Tryptophan (pH 7) fluorescence decay (lower data points)
and its nonlinear logarithm (upper data points). The solid line, which
overlays most data points, is the double exponential fit given in Table 1.

problems associated with measuring lifetimes longer than -5
nsec with the streak camera, the fluorescence lifetime at room
temperature was measured by the single-photon counting
technique.

Tryptophylalanine and Alanyltryptophan. Fluorescence
decays of tryptophylalanine and alanyltryptophan were mea-
sured in aqueous solution at the natural pH of the sample. Here,
the two dipeptides exist in the zwitterion form. At room tem-
perature, nonexponential decays were observed for both of
these compounds. Of the two dipeptides, alanyltryptophan had
markedly faster decays. The temperature dependence observed
was similar to that found for tryptophan in aqueous solution at
pH 7 (Table 2). Because it was necessary to use faster sweep
speeds to measure the fast component of the decay of these
dipeptides, the lifetime of the slow component could not be
measured accurately. This is reflected in the large 95% confi-
dence intervals for the T2 values.

DISCUSSION
Excitation of tryptophan in aqueous solution at pH 7 by pi-
cosecond pulses at 264 nm has been seen unequivocally to lead
to a nonexponential fluorescence decay. At this excitation
wavelength an emitting level is reached that corresponds to the
lowest wr-7r* singlet electronic state ('La, 'Lb, or a mixture) of
the indole chromophore in tryptophan (15). Isolated electronic
states of a homogeneous ensemble of molecules would be ex-
pected to yield a single exponential decay irrespective of how
many competing nonradiative processes are present. Even the
existence of two or more separate emitting states would lead
to a single exponential, provided that communication between
the states was rapid on the time scale of the emission event. The
data therefore suggest the presence of two (or more) slowly
interconverting species or states, each of which has a different
emission decay rate. Let us now examine a plausible explanation
of the way in which two emitting species of tryptophan in so-
lution might arise, keeping in sight the results of past workers
on yields and quenching effects.

Fluorescence Yields. Fluorescence yields for aqueous indole
derivatives in a neutral pH range have been reported by Kirby
and Steiner (7). These are relative to a value 'F(25i) = 0.14 for
tryptophan obtained by other authors (16). For indole OF(250)
= 0.28. Tatischeff and Klein give OF = 0.13 for tryptophan (17)
and 0.27 for indole (18). For both molecules, there is a strong
decrease of OF with increasing temperature. Kirby and Steiner
(7) found that the temperature dependence could not be fit by

Chemistry: Fleming et al.



Proc. Natl. Acad. Sci. USA 75 (1978)

Table 1. Fluorescence lifetimes of tryptophan

Temperature,* pH 7 pH 11
0C Ti, nsec 72, nsec T, nsec

19.5 0.77 (0.12) 2.11 (0.24) 5.4 (1.1) 8.2 (0.1)
45.0 0.90 (0.04) 1.14 (0.04) 3.5 (0.8) 2.78 (0.02)
60.0 1 0.92 (0.02) 1.35 (0.04)
78.0 1 0.48 (0.02) - 0.60 (0.03)

Values in parentheses are 95% confidence intervals calculated from the fitting procedure; additional
systematic errors of up to +5% may also be present.
* Estimated accuracy: ±1'.

a single activation energy but was adequately described by a

superposition of a temperature-independent process and
temperature-dependent process. A reasonable suggestion put
forth, among other possibilities, by these authors was that the
temperature-independent process corresponds to intersystem
crossing to the triplet state whereas the temperature-dependent
process is associated with electron ejection into the solvent.
Kirby and Steiner (7) pointed out that a separate tempera-
ture-dependent process may occur in those indole derivatives,
such as tryptophan, that have very low fluorescence quantum
yields (their model 2). They went on to state that the primary
radiationless process of electron ejection could be partly sup-
pressed as a consequence of the competitive occurrence of this
separate process, with a resulting decrease in the yield of sol-
vated electrons. In this respect they implicated derivatives of
indole with electron scavenging groups attached, perhaps in-
volving intramolecular quenching through direct contact of the
side chain with the indole ring.

Electron Yields. The fluorescence yield and electron yield
for both indole (18, 19) and tryptophan (17, 19) are essentially
constant for excitation A = 260-290 nm, a range covering the
main portion of the lowest singlet-singlet absorption band.
Evidence exists that the photoionization in this region is mo-
nophotonic (4). Below 260 nm and across the second absorption
band (Xmax 220 nm), OF dips and Oe.q increases. This has

been interpreted in terms of a monophotonic photoionization
process that can efficiently compete with S2-S1 internal con-
version (19). The absolute quantum yielI of electron production
is still somewhat controversial. Bent and Hayon (4) recently
used transient absorption experiments that monitored the
concentration of e- at 675 nm after excitation by a 3.6-nsec
laser flash at 265 nm. These measurements indicated that Oe-
(pH 6) is 0.08 for tryptophan and 0.26 for indole. At pH 9-10,
the tryptophan value increased abruptly to 0.21 but that for
indole remained about the same. Using a 17-nsec excitation
experiment of the same type but with a Fe(CN)- standard and
linearly extrapolating to "zero time", Bryant et al. (3) found
even higher electron yields for aqueous tryptophan: 0.26 at pH
7 and 0.43 at pH 11.8. Transient absorption measurements using
wider temporal excitation have led to much smaller yields be-
cause of rapid recombination of the ejected electron with the
radical cation IH`- of the indole moiety (3). Low values of
electron yield have also been obtained in recent experiments
(19) in which oxidation of ferrous ion was used to monitor e-.

High H+ concentrations (0.1 M H2SO4) and the possibility of
a rapid back-reaction make these results not directly compa-
rable. In fact, the presence of H+ scavengers is evidently re-

sponsible for the rapid decrease in yields of fluorescence and
eaq in both indole and tryptophan observed by Bent and Hayon
(4) at pH < 3.

Triplet Yields. Intersystem crossing leading to the production
of-triplet states certainly occurs in indole as well as tryptophan
as evidenced from long-lived (e10 ,sec) transient spectra that
have been identified as triplet-triplet absorptions (4). Triplet
yields have not been measured accurately. However, by fol-
lowing the hints of Kirby and Steiner (7) and using that data,
they can be approximately determined by subtracting the
temperature-dependent yield plus the fluorescence yield from
unity. This is accomplished (250, pH 3-9) by dividing ao by the
quantity 1 + a0 + a, exp(-El/298R) from table 1 of ref. 7.
Thus, for indole in aqueous solution, OT(250) = 0.28, whereas
for tryptophan OT(250) = 0.08.
Summary of Published Yield Data. In light of the preceding

remarks one can interpret the low triplet yield, the low fluo-
rescence yield, and the low electron yield in tryptophan com-
pared with indole in terms of the presence of another competing
process, caused by the presence of the amino acid side chain.
This process can give rise to neither triplet states nor electrons
or fluorescence. In indole, with which no competing process
is possible, this picture then gives OF = 0.28, AT = 0.28, with
the remainder Oea- = 0.44, the high latter value giving some
credence to the electron yield determinations of Bryant et al.
(3). By using the same method for tryptophan but including the
electron yield value of ref. 3, one sees that 'PF = 0.14, XT = 0.08,
qPe- = 0.25, and O* = 0.53 (q6* corresponds to the nonradiative
process associated with the amino acid side chain).

Thus, the picture of the photophysics of tryptophan that
begins to emerge from these available data is similar to that for
indole except that a new, efficient, nonradiative path is created
because of the presence of the amino acid side chain. This new
path gives rise to no net eaq formation and is almost certainly
electron transfer from the indole ring to the side chain. The rate
of this electron transfer process can easily be shown to be highly
sensitive to the presence of electrophilic groups in the side chain.
This takes us back, for example, to the work of Cowgill (5) who
found that the relative quantum yields of fluorescence in
3-substituted indoles decreased in the order -H(0.40),
-CH2COO-(0.38), -COO-(0.24), -CH2COOH(0. 16),

Table 2. Fluorescence lifetimes of the peptides*

Temperature, Tryptophylalanine Alanyltryptophan
°C f Ti, nsec T2, nsec f 71, nsec T2, nsec

19.5 0.84 (0.01) 1.56 (0.02) 9.6 (0.3) 0.82 (0.1) 0.81 (0.02) 3.5 (0.2)
45.0 0.93 (0.01) 0.98 (0.03) 4.8 (0.5) 0.87 (0.01) 0.50 (0.02) 3.6 (0.5)
60.0 0.97 (0.01) 0.66 (0.02) 3.6 (1.3) 1 0.40 (0.02) -
78.0 1 0.33 (0.02) -

* See legend and footnote to Table 1.
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Table 3. Calculated yields and lifetimes of aqueous tryptophan at pH 11 and pH 7 by use
of a self-consistent set of elementary rates

Calculated yields, %
pH7slow pH7fast pH7

r, nsec* pH 11 component component compositet

Radiation 20 36 27 11 14
Triplets 35 21 15 6 8
Solvated electrons 17 43 32 12 17
Slow electron transfer 21 0 26 0
Fast electron transfer 3.0 0 0 71 61

Overall lifetime 7.3 nsec 5.4 nsec 2.1 nsec

* Reciprocal of elementary rate.
t Calculated by weighting 23% of slow component and 77% of fast component as given in Table 1. At pH 7 the individual
components cannot be observed separately.
Double exponential.

-COOH(0.08). Evidently the electrophilicity of the carboxy
carbonyl and its nearness to the indole ring determine the flu-
orescence quenching efficiency. For tryptophan derivatives
(table 6 of ref. 5) the trends are even more revealing, but the
conclusion is the same as for the indole derivatives. In particular,
deprotonation of the -NH+ group at pH > 9 decreases the
electron-withdrawing power of the carboxy carbonyl and in-
creases the fluorescence yield by a factor of -2.5. That the
carbonyl group is responsible is borne out by data on molecules
such as tryptamine which show much less of an electron transfer
effect (4, 7).
We have also seen that electron yields and triplet yields for

tryptophan increase in this high pH range. In the low pH range
(pH < 3) the electron transfer process must be very fast because
both -COO- and -NH2 are protonated. Even though the
interpretations become cloudy when high concentrations of the
H+ scavenger are present, Cowgill's data (5) show clearly the
stepwise decrease of OF in those ranges, and the data of Bent
and Hayon (4) show the same effect for triplet yield and elec-
tron yield. In indole, there is no such increase of these yields in
the high pH range.
Comparison with Picosecond Data. The picosecond results

for tryptophan presented in this paper fit into the above picture
nicely. The slow component of the decay can be correlated
mainly with indole-like radiationless processes: intersystem
crossing plus photoionization. The fast component arises from
three processes in competition: intersystem crossing, photo-
ionization, and intramolecular electron transfer. The latter must
lead to a nonradiative product. Once electron transfer has oc-
curred, return to the neutral tryptophan excited state has a low
probability because of ubiquitous solvent relaxation around the
intramolecular charge transfer species. This dissipation of en-
ergy takes the system out of the range of the excited state po-
tential energy surface so that fluorescence can no longer occur.
Loss of energy to the medium and eventual charge recombi-
nation takes the system back to the ground state.
The pH variations of the temporal fluorescence curves are

also consistent with published quantum yield results. In par-
ticular at pH 11, it has been seen that only a single long-lived
fluorescence component survives. This is in agreement with the
idea that the electron-withdrawing power of the carbonyl has
been decreased sufficiently by deprotonation of the -NH' so
that electron transfer is no longer effective. Furthermore, it is
seen that the measured lifetime of the pH 11 species (8.2 nsec)
is quite close to that in other derivatives of indole having sub-
stituents without a high degree of electrophilicity in the 3 po-
sition [cf. 3-methylindole (7) T = 9.4 nsec].

Self-Consistent Interpretation of Tryptophan Photo-
chemistry. The difference between the decay of the slow

component of tryptophan (5.4 nsec) and the 8.2-nsec value at
pH 11 could signify that even the slow component has a mea-
surable contribution from the electron transfer process. In fact,
a set of rates can be found for all the competing processes in
tryptophan that are quite consistent with the present lifetime
data as well as with the various yield measurements of earlier
workers. This analysis is shown in Table 3. Although the num-
bers are probably not accurate to better than 10-20%, Table 3
provides a quantitative understanding of most facets of tryp-
tophan and substituted indole photochemistry in aqueous so-
lution. The approximately 2- to 3-fold increase in e-q, triplets,
and fluorescence at pH 9-10 (see figure 6 of ref. 4 and figure
2 of ref. 5) emerges, as do the overall lifetimes at pH 7 and pH
11 and the absolute fluorescence quantum yield of 0.14 at pH
7. The absolute electron yields at pH 7 and pH 11 are compa-
rable to those measured by Bryant et al. (3), and the triplet yield
of tryptophan at pH 7 is equal to the yield of the tempera-
ture-independent process given by Kirby and Steiner (7).

CONCLUDING REMARKS
Most of the questions concerning tryptophan photochemistry
seem to be answered here. However, a few problems do remain.
We have not said much about the mechanism leading to the
double exponential and, furthermore, have not addressed
ourselves to the recent nanosecond flash work of Rayner and
Szabo (11), qualitatively in agreement with the double-expo-
nential fluorescence decay described here, but whose data
analysis gives quantitatively different results.

Rayner and Szabo (11) used an excitation wavelength of 280
nm (265 and 300 nm gave identical results) to show definitively
that the fluorescence decay of tryptophan at pH 7 is nonexpo-
nential. The emission at 380 nm could be analyzed as a single
exponential with a lifetime of 3.1 nsec; emission at 310 nm
showed a 1:1 mixture of the 3.1-nsec exponential and a 0.51-
nsec exponential. Intermediate emission wavelengths showed
double exponentials with the same two lifetimes but different
weights.
Our picosecond experiments surely would have revealed a

0.51-nsec component, had it existed, yet we saw none, at least
for Xem > 370 nm. Interestingly, the l/e time of our double
exponential and that of Rayner and Szabo (11) are almost
identical and also agree with the literature values of 2.6-3.0 nsec
for a single-exponential fit. In fact, plots of our decay curve and
theirs for an emission wavelength of 370 nm are broadly su-
perimposable even though the data reduction gives quite dif-
ferent results.
The Rayner and Szabo data (11) also imply two separate

emitting states, slowly interconverting on the time scale of the
fluorescence. Whether these states are 'La and 'Lb as proposed
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by Rayner and Szabo (11) or are simply two different ground
state conformers, trapped after excitation because of solvent-
retarded intramolecular rearrangement (or cooperation of the
two) remains to be seen. For example, molecular models show
that in tryptophan there are essentially two stable conformations
of the carboxylic acid group relative to the indole ring. In one,
the contact is close; in the other, it is more remote. Such models
also show that, because of a lack of steric hindrance, the car-
boxylic acid group in alanyltryptophan should be able to in-
teract with the indole ring more readily than in tryptophyl-
alanine. The lifetimes reported here and the fluorescence
quantum yields reported earlier (20) are in agreement with this
view. Interconversion between the two conformers in trypto-
phan or the peptides could be slow on the time scale of the ex-
cited state lifetime because solute-solvent binding appropriate
to one conformation must be broken and reformed around the
other.
Even though the "bare" 'La, 'Lb model is in some ways ap-

pealing (21, 22), one must nevertheless explain why the double
exponential seems to be so greatly dependent upon the state of
the side chain. Preliminary picosecond data (10), for example,
have indicated a single temperature-dependent exponential
for 3-methylindole, and, as reported here, tryptophan (pH 11)
shows a single exponential decay.
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