
The previous chapter described the general features of
intrinsic protein fluorescence. We described the spectral
properties of the aromatic amino acids and how these prop-
erties are influenced by the surrounding protein structure.
We now describe time-resolved measurements of protein
fluorescence. Such measurements have become increasing-
ly common because of the increased availability of time-
domain (TD) and frequency-domain (FD) instrumenta-
tion.1,2 However, time-resolved studies of intrinsic protein
fluorescence are made challenging by the lack of simple
pulsed light sources. Pulsed laser diodes are not yet avail-
able for excitation of protein fluorescence. Pulsed LEDs for
excitation of protein fluorescence have just been an-
nounced, but the pulse widths are over one nanosecond.
Single-photon excitation of protein fluorescence requires
wavelengths in the range from 280 to 305 nm. Prior to about
2000, the dominant pulsed light source for this range of
wavelengths was a synchronously pumped cavity-dumped
dye laser, typically rhodamine 6G, which was doubled to
obtain the UV wavelengths. The synchronously pumped
dye lasers require an actively mode-locked pump laser, typ-
ically an argon ion or Nd:YAG laser. At present the active-
ly mode-locked lasers are becoming less available because
of the widespread use of Ti:sapphire lasers. These lasers
spontaneously mode lock and may not use an active mode
locker. Wavelengths suitable for excitation of protein fluo-
rescence can be obtained by frequency tripling the long-
wavelength output of a Ti:sapphire laser. Tripling the output
at 840 nm yields 280 nm. The femtosecond pulse widths
from Ti:sapphire lasers make it practical to generate such
harmonics. Excitation of intrinsic protein fluorescence can
also be accomplished with synchrotron radiation. Many of
the recent studies of time-resolved intrinsic protein fluores-
cence used the frequency-tripled output of a pulsed Ti:sap-
phire laser or synchrotron radiation.

Even with the best available instrumentation it is chal-
lenging to interpret the time-dependent data from proteins.

The intensity decays of proteins are usually complex and
often depend on observation wavelength. The complexity is
due to both the presence of multiple-tryptophan residues in
a single protein and the complex decay kinetics displayed
by even single-tryptophan residues in proteins. High time
resolution and high signal-to-noise measurements are need-
ed to resolve the multiple components in these decays.
Once the multi-exponential intensity decays are resolved, it
is tempting to assign the various components to the individ-
ual tryptophan residues in multi-tryptophan proteins. How-
ever, even proteins with a single tryptophan residue typical-
ly display two or more decay times.3,4 Hence, there is no
reason to believe that the individual decay times represent
individual trp residues, until this fact is demonstrated by
additional experiments. In some cases, where the decay
times are very different, it has been possible to assign decay
times to individual tryptophan residues. This assignment
typically relies on the use of mutant proteins containing one
tryptophan or a fewer number of tryptophans than are pres-
ent in the wild-type protein.

An additional complication is that tryptophan itself in
solution at neutral pH displays a multi-exponential or non-
exponential decay. The heterogeneity is moderately weak.
Most of the emission from tryptophan occurs with a decay
time near 3.1 ns. There is also a second component with a
decay time near 0.5 ns. For some time the origin of this
component was not known. It appears that most of hetero-
geneity of the tryptophan decay is due to the presence of
conformational isomers, called rotamers, which display dis-
tinct decay times. However, there may be additional factors
that contribute to the complex decay kinetics of tryptophan.

Interpretation of the intensity decays becomes more
complicated because of additional processes that may not
occur for the isolated amino acids. Energy transfer can
occur from tyrosine to tryptophan, or between tryptophan
residues themselves. Following excitation the tryptophan
emission can display time-dependent spectral shifts due to
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relaxation of the solvent or the protein matrix around the
excited-state dipole moment. Proteins may exist in several
conformations, each of which displays different intensity
decay. Another source of complexity is the possibility of
transient effects in collisional quenching, due to either
added quenchers or the presence of nearby quenching
groups in the protein. In principle, all these phenomena can
be studied using time-resolved measurements. In practice, it
is difficult to determine the contributions of each phenome-
non to the intensity decay. The use of engineered proteins is
critical to resolving these complex interactions.

While the interpretation of time-resolved protein fluo-
rescence is not always simple, the time-resolved data pro-
vide opportunities for a more detailed understanding of pro-
tein structure and function. In favorable cases it is possible
to resolve the emission spectra of individual tryptophan
residues based on the time-dependent decays measured at
various emission wavelengths. The time-resolved decays
can sometimes be interpreted in terms of the location of the
tryptophan residues in proteins, and the interactions of
these residues with nearby amino-acid residues in the pro-
tein. Conformation changes in proteins often result in
changes in the intensity decay due to altered interactions
with nearby groups. The time-dependent anisotropy decays
are invariably informative about the extent of local protein
flexibility and the interactions of a protein with other
macromolecules. Also, fluorescence quenching is best stud-
ied by time-resolved measurements, which can distinguish
between static and dynamic processes. And, finally, it is
now known that proteins can be phosphorescent at room
temperature. The phosphorescence decay times are sensi-
tive to exposure to the aqueous phase as well as the pres-
ence of nearby quenchers. In this chapter we present an
overview of time-resolved protein fluorescence, with exam-
ples that illustrate the range of behavior seen in proteins.

17.1. INTENSITY DECAYS OF TRYPTOPHAN:
THE ROTAMER MODEL

One difficulty in interpreting the time-resolved intensity
decays of proteins has been a lack of understanding of the
intensity decay of tryptophan itself. In neutral aqueous
solution the intensity decay of tryptophan is known to be a
double exponential, with decay times near 3.1 and 0.5 ns
(Table 17.1).4–12 The dominant origin of a bi-exponential
decay of tryptophan is the presence of rotational isomers
(Figure 17.1). In solution the side chain of tryptophan can
adopt various conformational states, which appear to inter-
change slowly on the ns timescale. A tryptophan solution
can be regarded as a mixture of these rotational isomers,
called rotamers. In neutral aqueous solution, tryptophan is
present in the zwitterionic form in which the amino group
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Table 17.1. Intensity Decays of the Aromatic Amino Acids and Related Compounds at 20°C, pH 7

Compound                           τ1 (ns)               τ2 (ns)               α1 α2 λem (nm)               Ref.

Indole 4.4 – 1.0 – 350 –
Tryptophan 3.1 0.53 0.67 0.33 330 6
NATA 3.0 – 1.0 – 330 6
Phenol 3.16 – 1.0 – 300 32, 34
Tyrosine (pH 6) 3.27 – 1.0 – 300 32, 34
Tyrosine (pH 5.5) 3.40 0.98 0.41 0.58 350 43
O-Methyl tyrosine
(pH 5.5) 4.84 – 1.0 – 310 34
NATyrA 1.66 0.11 0.65 0.35 300 32, 34

Figure 17.1. Rotational isomers of tryptophan rotamers. The rotamers
on the left is thought to be responsible for the 0.5-ns decay time. The
lower section shows tryptophan complexed with 18-Crown-6, which
prevents quenching by the ammonium group. Revised from [12,27].



is protonated (—NH3
+) and the carboxy group is ionized

(—CO2
–). In solution the emission of tryptophan can be

self-quenched by an intramolecular process involving the
indole ring and the positively charged ammonium group.
Recall that indole is uniquely sensitive to quenching, partic-
ularly by electron-deficient species. Reported quenchers of
indole include acrylamide, amides, imidazolium, ammoni-
um, methionine, tyrosine, disulfides, peptide bonds, trifluo-
roethanol, and electron scavengers.13–23 Tryptophan can
also be quenched by the amino-acid side chains, including
glutamine, asparagine, protonated carboxyl groups on glu-
tamate and aspartate, cysteine, and histidine.24

Quenching by the ammonium group is seen from the
dependence of the tryptophan quantum yield on pH (Figure
17.2). As the pH is increased from 8 to 10 the amino group
undergoes dissociation to the neutral form, and the quantum
yield and mean lifetime increase approximately three-
fold.7,25 This increase in quantum yield and lifetime occurs
because the neutral amino group does not quench the indole
moiety. The quenching effect of a protonated amino group
on tryptophan is general and occurs for a number of trypto-
phan-containing peptides.26 Tryptophan analogues lacking
the amino group, such as 3-methyl indole12 or constrained
tryptophan derivatives that prevent contact of the amino
group with the indole ring,11 do not show the pH-dependent
increase in quantum yield between pH 8 and 10. Complex-
ation of the amino group to a crown ether results in a sever-
al-fold increase in fluorescence intensity because the amino
group can no longer come in contact with the indole ring.27

Examination of the pH-dependent intensities of tryptophan

indicates that the intensity decreases further below pH 3
and above pH 11. The decrease in intensity below pH 3 is
due to intramolecular quenching of indole by the neutral
carboxyl group, which serves as an electron acceptor. At
high pH indole is quenched by hydroxyl groups, which may
be due to collisional quenching by OHC or by excited-state
deprotonation of the proton on the indole nitrogen group.

How does quenching by the amino group explain the
bi-exponential decay of tryptophan at pH 7? The quenching
process is thought to be most efficient in one of the
rotamers, and this species displays the shorter 0.5-ns decay
time (Figure 17.1, left). The complete explanation is proba-
bly somewhat more complex. For instance, more than three
conformations are possible if one considers the possible ori-
entations of the indole ring.11 Also, it is known that quench-
ing is usually accompanied by transient effects that appear
as short components in the intensity decay. Because of the
complexity introduced by the amino and carboxyl groups,
experiments are frequently performed on uncharged trypto-
phan analogues (Figure 17.3). In the neutral tryptophan
analogue NATA the amino group is acetylated and the car-
boxyl group converted to an amide. Unchanged tyrosine
derivatives are also used (NATyrA). These forms of the
amino acids mimic the structures found when these amino
acids are contained in a polypeptide chain.

The presence of rotamers is probably the dominant rea-
son for the multi-exponential decay of tryptophan at neutral
pH. However, there may be other factors that also con-
tribute to the complex decays of tryptophan and proteins.
One of these factors is quenching by peptide bonds.28 The
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Figure 17.2. Relative fluorescence intensity and mean lifetime of
tryptophan as a function of pH. Excitation was 280 nm, and emission
through a Corning 0-52 filter. Mean lifetimes were measured from the
phase angle at 10 MHz. Revised and reprinted with permission from
[25]. Copyright © 1981, American Chemical Society.

Figure 17.3. Structures of tyrosine and tryptophan and their neutral
analogues, N-acetyl-L-tryptophanamide (NATA) and N-acetyl-L-
tyrosinamide (NATyrA).



quantum yield of NATA in water is 0.14 and the quantum
yield of 3-methyl indole (3-MI) in water is 0.34. The lower
quantum yield of NATA is thought to be due to quenching
by one or both of the amide groups on NATA (Figure 17.3).
If this is true then it is surprising that the rotamer popula-
tions of NATA do not result in a multi-exponential decay as
occurs in tryptophan. The extent of quenching by amides
depends strongly on distance, polarity, and charge distribu-
tion surrounding the indole ring and the amide groups. The
charge distribution around the tryptophan can either
increase or decrease charge separation and quenching by
amides. Hence, a variety of effects contribute to the com-
plex intensity decays of proteins.

17.2. TIME-RESOLVED INTENSITY DECAYS OF
TRYPTOPHAN AND TYROSINE

Controversy over the intensity decay of tryptophan persist-
ed for many years, and one may wonder why the problem
took so long to solve. At that time the measurements pushed
the limits of the available instrumentation and methods of
data analysis. Many of the early time-resolved decays of
tryptophan were measured using flashlamps with nanosec-
ond pulse widths. The low intensities and repetition rates of
the flashlamps resulted in data just adequate to detect the
short component, but not to reliably resolve its decay time
and amplitude. Long data acquisition times were used to
obtain the number of photon counts needed to recover the
decay components. During this time the flashlamp profiles
could change and introduce artifacts. Additionally, it is now
known that the 0.5- and 3.1-ns decay components display
different emission spectra. Some of the earlier measure-
ments observed only the long-wavelength emission above
360 nm, where the emission from the 0.5-ns component is
weak.

The difficulty in resolving the two intensity decay
components is illustrated by the intensity decay of trypto-
phan at pH 7 (Figure 17.4). The light source was a cavity-
dumped rhodamine 6G dye laser that was frequency dou-
bled to 295 nm, which provided pulses about 7 ps wide. The
detector was a microchannel plate (MCP) PMT detector.
The data were fit to the single- and double-exponential
models:

(17.1)

where αi are the amplitudes of the components with decay
times τi. The fitted curves for both the single- and double-
exponential models are visually superimposable on the
measured data. Deviations of the data from the single-expo-
nential fit are barely visible in the deviations (Figure 17.4,
lower panels), and the decrease in χR

2 is only from 2.62 to
1.23 for the single- and double-exponential fits, respective-
ly. Even with modern TCSCP instrumentation it remains
difficult to resolve the two decay times of tryptophan.

The multi-exponential decay of tryptophan can also
been observed using the frequency-domain method (Figure
17.5). The data were obtained using the same dye laser light
source, a MCP PMT detector, and the harmonic content
method (Chapter 5). The deviations from the single-expo-
nential model are clearly non-random (lower panels). The
50-fold decrease in χR

2 for the double-exponential fit from
58.9 to 0.9 is convincing evidence for the non-single-expo-
nential decay of tryptophan.

I(t) � ∑
i

αi exp(�t/τi)
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Figure 17.4. Time-domain intensity decay of tryptophan at pH 7.
Excitation was at 295 nm, and the emission through a Corning WG
320 filter. The deviations are for the single- (χR

2 = 2.62) and double-
exponential fit (χR

2 = 1.23). From [29].



17.2.1. Decay-Associated Emission Spectra of
Tryptophan

Suppose a sample displays a multi-exponential decay, and
that the decay is different at different emission wavelengths.
The intensity decay is then described by

(17.2)

where αi(λ) are the wavelength-dependent pre-exponential
factors and τi the decay times. This expression assumes the
decay times are independent of wavelength. The emission
spectrum due to each component can be calculated using

(17.3)

In this expression I(λ) is the steady-state emission spec-
trum. The product αi(λ)τi appears in the numerator because
the steady-state intensity is proportional to this product. The
sum in the denominator is proportional to the total intensi-
ty at this wavelength. These spectra Ii(λ) are called decay-
associated spectra (DAS) because they represent the emis-
sion spectrum of the component emitting with lifetime τi.

The multi-exponential decays recovered for each emis-
sion wavelength are used to construct the emission spectra
associated with each decay time. To calculate the decay-
associated spectra one has to recall that the fractional con-
tribution (fi) of each species to the steady-state intensity is
proportional to the product αiτi. The contribution of a short-
decay-time component to the steady-state intensity is lower
than the relative amplitude (αi) of the short-decay-time
component in the intensity decay. In the case of tryptophan
the short component contributes only about 4% to the total
emission of tryptophan at neutral pH (Figure 17.6). Emis-
sion from the short component is centered near 335 nm and
occurs at slightly shorter wavelengths than for the overall
emission. This blue shift of the emission is consistent with
the expected effect of a nearby positive charge on the polar
1La state of indole. Little contribution from the 1Lb state is
expected, as conversion of 1Lb to 1La occurs in less than 2
ps.31

17.2.2. Intensity Decays of Neutral Tryptophan
Derivatives

In proteins the amino and carboxyl groups of tryptophan are
converted into neutral groups by the formation of peptide
bonds. The quenching effect of the α-amino group is no
longer present. Neutral tryptophan analogues typically dis-
play simpler decay kinetics than tryptophan itself. The most
commonly used analogue is N-acetyl-L-tryptophanamide,
which has essentially the same structure as a tryptophan
residue in proteins (Figure 17.3). The intensity decay of

Ii(λ) �
αi(λ) τiI(λ)

∑
j

 αj(λ) τj

I(λ,t) � I(t) � ∑
i

αi(λ)  exp(�t/τi )
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Figure 17.5. Frequency-domain intensity decay of tryptophan in H2O
at 20°C and pH 7. Excitation at 295 nm. The emission was collected
through a long pass Corning WG 320 filter. From [2].

Figure 17.6. Spectral resolution of the short and long ns decay com-
ponents of tryptophan. Similar results were reported in [5–6]. From
[30].



NATA (Figure 17.7) is essentially a single exponential.6,12,32

Comparable frequency-domain data for NATA also
revealed a dominant single-exponential decay (Figure
17.8). There is some decrease in χR

2 for the double-expo-
nential fit, so that the decay of NATA may display a weak
second component. However, for all practical purposes
NATA displays a single decay time (Table 17.1).

17.2.3. Intensity Decays of Tyrosine and 
Its Neutral Derivatives

Tyrosine can also display complex decay kinetics, but
its properties are opposite to that of tryptophan. Frequency-

domain intensity decays of tyrosine and its neutral ana-
logue N-acetyl-L-tyrosinamide (NATyrA) are shown in
Figure 17.9. Tyrosine itself displays a single-exponential
decay,33–34 whereas NATyrA displays a bi-exponential
decay (Table 17.1). The molecular origin of the double-
exponential decay of NATyrA is not clear but may be due
to the presence of ground state rotamers.35–37 The
peptide bonds or carbonyl groups may quench the phenol
emission by an electron-transfer mechanism.38–39 Consider-
ably less information is available on the intensity decays of
phenylalanine.40–42 pH-dependent lifetimes have not been
reported.

The intensity decay of tyrosine in water is usually a
single exponential, but different results can be obtained at
different observation wavelengths (Figure 17.10). These
intensity decays were measured using 277-nm excitation
from a frequency-tripled Ti:sapphire laser and a microchan-
nel plate PMT detector. For the peak tyrosine emission at
310 nm the intensity decay is a single exponential.43 As the
observation wavelength increases the plots become curved,
showing the presence of additional components. The com-
ponent with a decay time of 0.98 ns is due to tyrosinate,
which forms during the excited-state lifetime. This compo-
nent from tyrosine is seen as the rapidly decaying species at
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Figure 17.7. Time-domain intensity decay of N-acetyl-L-trypto-
phanamide (NATA) at pH 7. From [29].

Figure 17.8. Frequency-domain intensity decay of NATA at pH 7,
20°C. The solid curves are for the single-exponential fit, τ = 3.20 ns,
χR

2 = 2.4. The double-exponential fit yielded τ1 = 1.04 ns, τ2 = 3.28
ns, α1 = 0.05 and α2 = 0.95, with χR

2 = 1.3. From [29].

Figure 17.9. Frequency-domain intensity decays of tyrosine and
NATyrA. Data reprinted with permission from [33]. Copyright ©
1987, American Chemical Society.



short times and long wavelengths. Ionization of the hydrox-
yl group occurs because its pKa decreases to about 4 in the
excited state. The assignment of this component to ionized
tyrosine is supported by the intensity decays of O-methyl-
tyrosine (Figure 17.10, lower panel), which do not show
this component. The DAS for the two main components in
the tyrosine decay are shown in Figure 17.11. The dominant
emission centered at 310 nm is associated with the 3.40-ns
component. The 0.98-ns component is due to a longer-
wavelength emission centered near 360 nm, which is emis-
sion from tyrosinate.

17.3. INTENSITY AND ANISOTROPY DECAYS 
OF PROTEINS

We now consider the intensity decays of tryptophan
residues in proteins. Since NATA displays a single decay
time, we can expect single-tryptophan proteins to display
single-exponential decays. However, this is not the case. In
a survey of eight single-tryptophan proteins, only one pro-
tein (apo-azurin) was found to display a single decay time.3

This early report was confirmed by many subsequent stud-
ies showing that most single-tryptophan proteins display

double or triple-exponential decays (Table 17.2), and of
course multi-tryptophan proteins invariably display multi-
exponential decays (Table 17.3).

What are the general features of protein intensity
decays? The variability of the intensity decays is a result of
protein structure. The intensity decays and mean decay
times are more variable for native proteins than for dena-
tured proteins. The decay times for denatured proteins can
be grouped into two classes, with decay times near 1.5 and
4.0 ns, with the latter displaying a longer emission wave-
length.3 This tendency is enhanced in native proteins, and
many of them show lifetimes as long as 7 ns, typically on
the red side of the emission. Surprisingly, buried tryptophan
residues seem to display shorter lifetimes. The longer life-
times of exposed tryptophan residues have been puzzling
because exposure to water is expected to result in shorter
lifetimes. It is now known that peptide bonds can quench
tryptophan emission.28 Hence, the shorter lifetimes of
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Figure 17.10. Wavelength-dependent intensity decays of tyrosine and
o-methyl-tyrosine in water at pH 5.5. For tyrosine the upward curva-
ture at long times and long wavelengths is thought to be due to impu-
rities. Revised and reprinted with permission from [43]. Copyright ©
2004, American Chemical Society.

Figure 17.11. Decay-associated spectra of tyrosine in water at pH 5.5.
From [43].

Table 17.2. Intensity Decays of Single-Tryptophan Proteinsa

Protein               τ1 (ns)           τ2 (ns)           τ3 (ns)           Ref.

Azurin 4.8 0.18 – 4
Apoazurin 4.9 – – 4
Staph. nuclease 5.7 2.0 – 3
RNase T1 (pH 5.5) 3.87 – – –
RNase T1 (pH 7.5) 3.57 0.98 – –
Glucagon 3.6 1.1 – 4
Human serum albumin 7.8 3.3 – 4
Phospholipase A2 7.2 2.9 0.96 4
Subtilisin 3.82 0.83 0.17 44

aAdditional intensity decays of single-tryptophan proteins can be found
in [45].



buried residues may be because the buried tryptophan
residues have more contact with peptide bonds than the
exposed residues. However, there is little correlation
between the mean lifetime and emission maximum of pro-
teins (see Figure 16.12). In proteins that contain chro-
mophoric groups (ferredoxin and myoglobin), the trypto-
phan residues are often quenched by resonance energy
transfer, resulting in subnanosecond decay times (Table
17.3).

Multi-exponential decays are not surprising for multi-
tryptophan proteins. However, the origin of multi-exponen-

tial decays in single-tryptophan proteins is less clear. Given
that NATA displays a single decay time, it seems that a sin-
gle-tryptophan residue in a single unique protein environ-
ment should result in a single decay time. One possible ori-
gin of multi-exponential decays is the existence of multiple
protein conformations. Since nearby amino-acid residues
can act as quenchers, it seems logical that slightly different
conformations can result in different decay times for native
proteins. However, multi-exponential decays can be
observed even when the proteins are thought to exist in a
single conformation.46-47 As shown in the following section,
unfolding of a protein can change a single-exponential
decay into a multi-exponential decay, which seems to be
consistent with the presence of multiple conformations for
a random coil peptide. It appears that multi-exponential
decays of single-tryptophan proteins can result in part from
dynamic processes occurring during the excited-state life-
time.48–49 These dynamic processes can include nearby
motion of quenchers, spectral relaxation, and/or resonance
energy transfer.

17.3.1. Single-Exponential Intensity and
Anisotropy Decay of Ribonuclease T1

In the previous section we saw that most single-tryptophan
proteins display multi-exponential decays. However, there
are two known exceptions—apoazurin and ribonuclease T1

from Aspergillus oryzae. Most ribonucleases do not contain
tryptophan. Ribonuclease T1 is unusual in that it contains a
single-tryptophan residue, and under some conditions dis-
plays a single-exponential decay. RNase T1 consists of a
single polypeptide chain of 104 amino acids (Figure 17.12).
RNase T1 has four phenylalanines, nine tyrosines, and a sin-
gle-tryptophan residue at position 59. This tryptophan
residue is near the active site. The emission maximum is
near 323 nm, suggesting that this residue is buried in the
protein matrix and not exposed to the aqueous phase.
Quenching studies have confirmed that this residue is not
easily accessible to quenchers in the aqueous phase.50–53

Ribonuclease is also unusual in that its intensity decay is a
single exponential at pH 5.554–57 (Figure 17.13, top). The
decay becomes a double exponential at pH 7. A single-
exponential decay is convenient because changes in the pro-
tein structure can be expected to result in more complex
decay kinetics. It is easier to detect a single-exponential
decay becoming a multi-exponential decay than it is to
detect a change in a multi-exponential decay.
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Table 17.3. Intensity Decays of Multi-Tryptophan Proteinsa

Protein                       # of Trps        τ1 (ns)        τ2 (ns)        τ3 (ns)

Bovine serum 2 7.1 2.7 –
albumin

Liver alcohol 2 7.0 3.8 –
dehydrogenase

Ferredoxin 2 6.9 0.5 –
Sperm whale 2 2.7 0.1 0.01 

myoglobin
Papain 5 7.1 3.7 1.1
Lactate 6 8.0 4.0 1.0

dehydrogenase

aFrom [4].

Figure 17.12. Structure of ribonuclease T1 in the presence of 2'-GMP
(2'-GMP removed). Trp 59 is located between the α-helix and β-sheet
structure.



17.3.2. Annexin V:A Calcium-Sensitive 
Single-Tryptophan Protein

Ribonuclease T1 provided an example of a single-trypto-
phan protein that displayed single-exponential intensity and
anisotropy decays (Figure 17.13, bottom). For most pro-
teins, even with a single-tryptophan residue, the intensity
and anisotropy decay are more complex. One example is
annexin V, which possesses a single-tryptophan residue
(Figure 17.14). Annexins are a class of homologous pro-
teins that bind to cell membranes in a calcium-dependent
manner. The crystal structure is known to be different with
and without bound calcium.58 The emission from the single-
tryptophan residue is sensitive to calcium.59 Addition of cal-
cium results in shift of the emission maximum from 324 to
348 nm (Figure 17.15).

In the absence of calcium the intensity decay is highly
non-exponential (Figure 17.16). Addition of calcium caus-
es the intensity decay to become more like a single expo-

nential. This dramatic change in calcium suggests the pres-
ence of a nearby quenching group in the calcium-free form.
The crystal structures of annexin V are consistent with this
suggestion because the tryptophan residue moves away
from the protein in the presence of calcium (Figure 17.14).

As was described in Chapter 4 the multi-exponential
model can be used to fit almost any intensity decay, even if
the actual decay has some other functional form. When
examining tables of multi-exponential decay parameters it
is difficult to obtain an intuitive vision of the decays from
the numerical values. The forms of complex intensity
decays can be visualized from the lifetime distributions.
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Figure 17.13. Time-resolved fluorescence intensity and anisotropy
decay of RNase T1 in buffered aqueous solution pH 5.5. Excitation at
295 nm. Data from [54].

Figure 17.14. Structure of Annexin V in the absence (top) and pres-
ence (bottom) of Ca2+. The calcium atom is shown in red. Revised and
reprinted with permission from [60]. Copyright © 1994, American
Chemical Society.



Figure 17.17 show the lifetime distributions of annexin V in
the absence and presence of calcium. These plots shows the
amplitude of the intensity decay for each decay time. The
lifetime axis is logarithmic, as is common with maximum
entropy analyses. The more rapid intensity decay in the
absence of calcium can be understood from the decay com-
ponent near 0.2 ns seen in the lifetime distribution. Binding
of calcium to annexin V results in the appearance of a larg-
er decay time component near 4 ns.

The calcium-dependent change in tryptophan exposure
is expected to affect the anisotropy decay. As expected for a
surface-exposed residue, the anisotropy decay also becomes
more rapid in the presence of calcium (Figure 17.18). Once
again it is helpful to visualize these decays as distributions,
in this case distributions of correlation times. In the absence
of calcium the anisotropy decay of annexin V is mostly due
to overall rotational diffusion with a correlation time near
12 ns. In the presence of Ca2+ the anisotropy decay shows
three correlation times near 80 ps, 1.2 ns, and 12 ns (Figure
17.19). Taken together these results are consistent with the
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Figure 17.15. Fluorescence emission spectrum of trp 187 in annexin V
with and without calcium-bound protein. The insert shows the dependence
of the emission maximum of annexin V on the calcium-to-protein molar
ratio under several conditions. Revised and reprinted with permission from
[59]. Copyright © 1994, American Chemical Society.

Figure 17.16. Fluorescence intensity decays of trp 187 in annexin V
in the absence and presence of calcium. The intensity decays were
measured at 320 nm without calcium and 350 nm with calcium.
Revised and reprinted with permission from [59]. Copyright © 1994,
American Chemical Society.

Figure 17.17. Lifetime distributions for the tryptophan emission from
Annexin V in the absence and presence of calcium. The distributions
were recovered using the maximum entropy method. Data from [60].



known structural change induced by Ca2+, which results in
displacement of the trp 187 from a buried environment to an
exposed environment in which the side chain is extended
into the aqueous phase (Figure 17.14). It is apparent that the
time-resolved intensity and anisotropy decays are highly
sensitive to protein conformation.

17.3.3. Anisotropy Decay of a Protein with 
Two Tryptophans

From the previous examples we saw that in different pro-
teins the tryptophan residues can be rigidly held by the pro-
tein or display segmental motions independent of overall
rotational diffusion. In a multi-tryptophan protein residues,
each residue may be rigid or mobile. This type of behavior
is seen for single-tryptophan mutants of the IIAGlc protein.61

This protein from E. coli is involved in transfer of phos-
phate groups, so we will call it the phosphoryl-transfer pro-
tein (PTP).

X-ray diffraction of the PTP shows a well-defined
structure from residues 19 to 168. Residues 1 to 18 are not
seen in the x-ray structure and are thus mobile in the crys-
tal, and probably also in solution. Wild-type PTP does not
contain any tryptophan residues. Single-tryptophan mutants
were prepared with residues at positions 3 and 21, which
were expected to be in the mobile and rigid regions, respec-
tively. Time-resolved anisotropy decay of these mutant pro-

teins are shown in Figure 17.20. At times longer than 3 ns
both mutants display long correlation (θL) times near 40 ns.
This correlation time is larger than expected for a protein
with a molecular weight near 21 kDa (Table 10.4), which
may be due to the flexible chain. The mutants show very
different behavior at times below 3 ns, where the F3W
mutants display short correlation times (θS) near 1 ns. The
short correlation time is due to motion of residues 1–18,
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Figure 17.18. Time-resolved anisotropy decay of Annexin V in the
absence and presence of calcium. Data from [59]; figure provided by
Dr. Jacques Gallay from the Paris-Sud University, France.

Figure 17.19. MEM-reconstituted correlation time distribution of trp
187 in annexin V. Data from [59].

Figure 17.20. Time-resolved anisotropy decays of single-tryptophan
mutants of the phosphoryl transfer protein. 296-nm excitation was
obtained from a cavity-dumped frequency-doubled dye laser. Revised
from [61].



which are independent of the compact domain of the pro-
tein. These results show how tryptophan residues at differ-
ent locations within the same protein can have different
motions and different anisotropy decays.

17.4. PROTEIN UNFOLDING EXPOSES THE 
TRYPTOPHAN RESIDUE TO WATER

The spectral properties of proteins are dependent upon their
three-dimensional structure. This dependence can be seen
by measuring the emission of native and denatured proteins.
The effects of denaturation are easy to observe for ribonu-
clease T1 (Figure 17.12), which displays single-exponential
intensity and anisotropy decays in the native conformation
(Figure 17.13). Emission spectra of ribonuclease T1 (RNase
T1) are shown in Figure 17.21. An excitation wavelength of
295 nm was chosen to avoid excitation of the tyrosine
residues. For the native protein the emission maximum is at
323 nm, which indicates the indole group in a nonpolar

environment. Although not evident in Figure 17.21, others
have reported the presence of weak vibrational structure in
the emission spectrum,54 as was seen for indole in cyclo-
hexane and for azurin.

Proteins can be unfolded at high temperature or by the
addition of denaturants such as urea or guanidine
hydrochloride. These conditions result in a dramatic shift in
the emission spectra of RNase T1 to longer wavelengths. In
the presence of 7.0 M guanidine hydrochloride, or at 65EC,
the emission spectrum of RNase T1 shifts to longer wave-
length to become characteristic of a tryptophan residue that
is fully exposed to water (Figure 17.21). These results show
that protein structure determines the emission maximum of
proteins or, conversely, that protein folding can be studied
by changes in the intensity or emission spectra of proteins.

17.4.1. Conformational Heterogeneity Can Result
in Complex Intensity and Anisotropy Decays

Frequency-domain measurements were used to study the
intensity decays of native and denatured Rnase T1 (Figure
17.22). In the native state at pH 5.5 the frequency-domain
data reveal a single-exponential decay with τ = 3.92 ns.
When the protein is denatured by heat the intensity decay
becomes strongly heterogeneous.

Protein unfolding also affects the anisotropy decays of
RNase T1. The frequency-domain data for Rnase T1 at 5EC
is characteristic of a single correlation time (Figure 17.23).
If the temperature is increased, or if one adds denaturant,
there is an increase in the high-frequency differential phase
angles and a decrease in the modulated anisotropy. These
effects in the frequency-domain anisotropy data are charac-
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Table 17.4. Anisotropy Decays of NATA and Single-
Tryptophan Peptides and Proteinsa

Proteins                     θ1 (ps)           θ2 (ps)           r01 r02

RNase T1, 20°C 6520 – 0.310 –
Staph. nuclease 10160 91 0.303 0.018
Monellin 6000 360 0.242 0.073
ACTH 1800 200 0.119 0.189
Gly-trp-gly 135 39 0.105 0.220
NATA 56 – 0.323 –
Melittin monomer 1730 160 0.136 0.187
Melittin tetramer 3400 60 0.208 0.118

a20°C, excitation at 300 nm. From [77] and [78].

Figure 17.21. Emission spectra of ribonuclease T1 (RNase T1), λex =
295 nm. From [62].

Figure 17.22. Frequency response of RNase T1 at 5 (!) and 57°C (").
The solid and dashed lines show the best single component fits to the
data at 5 and 57°C, respectively. The χR

2 values were 1.3 at 5°C and
2082 at 57°C. From [55].



teristic of rapid motions of the residue in addition to slow-
er overall rotational diffusion. At low frequency the modu-
lated anisotropies are equal to the steady-state anisotropies.
At high frequencies the modulated anisotropies approach
the fundamental anisotropy (r0). The FD anisotropy data
can be used to reconstruct the time-dependent anisotropy
decays (insert). In the native state the anisotropy decay is a
single exponential. When unfolded by either guanidine
hydrochloride or high temperature, the anisotropy decay
displays a fast component due to segmental motions of the
tryptophan residue. Hence, rapid components in the
anisotropy decay can be expected for random coil peptides,
or for tryptophan residues on the surfaces of proteins that
are not constrained by the three-dimensional structure.

17.5. ANISOTROPY DECAYS OF PROTEINS

Proteins display a variety of anisotropy decays. Most pro-
teins show fast components in the decays at early times.63–78

Typical anisotropy decays are shown in Figure 17.24. The
single tryptophan in the lumazine protein shows a high
degree of segmental flexibility. The long component near
17 ns is assigned to overall rotational diffusion of the pro-
tein. The short component near 0.45 ns is assigned to rapid

motions of the tryptophan residue independent of overall
rotational diffusion. Another example is the tryptophan
residue in bovine troponin I, which shows a shorter correla-
tion time near 0.90 ns and a correlation time of 23.5 ns due
to overall rotational diffusion. In many cases the rapid com-
ponents in the anisotropy decay are too fast to be measured,
as shown for a histocompatibility complex protein. In this
case about 75% of the anisotropy is lost due to rapid
motions. The short correlation time observed in proteins is
variable and ranges from 50 to 500 ps, with the values being
determined in part by the time resolution of the instrument.
The shorter correlation time is approximately equal to that
observed for NATA in water or for small peptides (Table
17.4). These shorter correlation times are typically insensi-
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Figure 17.23. Frequency-domain anisotropy decays of RNase T1 (pH
5.5) at 5°C (!) and 52°C (") and at 5°C with 6 M guanidine
hydrochloride (�). The insert shows equivalent time-dependent
anisotropies reconstructed from the FD data. Similar data were report-
ed in [63]. From [2].

Figure 17.24. Anisotropy decay for the single-tryptophan residue in
the lumazine protein (top), for trp-192 in bovine cardiac troponin I
(middle) and for a histocompatibility protein (bottom). Revised from
[74], [75], and [76].



tive to protein folding and are not greatly affected by the
viscosity of the solution.

The picosecond component in the anisotropy decays of
proteins display some characteristic features. Their fraction
of the total anisotropy is typically larger for small unstruc-
tured peptides than for tryptophan residues buried in a pro-
tein matrix. Unfolding of a protein usually increases the
amplitude of the fast motions. The magnitude of the short
correlation time seems to be mostly independent of the size
of the protein or peptide. This is shown in Figure 17.25,
which shows the two correlation times recovered for mole-
cules ranging from indole, to tryptophan, to the tripeptide
lys-trp-lys, to melittin.79 The molecules were dissolved in
propylene glycol, so the overall correlation times are longer
than those found with water. The longer correlation time
increases with molecular weight. However, the rapid corre-
lation time is independent of molecular weight and is near
0.5 ns for all peptides.

17.5.1. Effects of Association Reactions on
Anisotropy Decays: Melittin

The single-tryptophan peptide melittin provides a good
example of how a protein anisotropy decay depends on the
association with other biomolecules. In the presence of high
salt concentration, melittin self-associates from monomers
to tetramers. During this process the single-tryptophan
residue on each chain is buried in the center of the four-

helix bundle. The anisotropy decay changes due to the larg-
er overall size and restriction of segmental motions.
Anisotropy decays for melittin have been reported by sev-
eral laboratories.80–82 Typical data for the monomer and
tetramer are shown in Figure 17.26. The anisotropy decay
was multi-exponential in both cases, with a 20–40-ps com-
ponent in either state. The anisotropy decays more slowly in
2 M NaCl, where melittin forms a homotetramer. The
longer global correlation time was 1.4 ns for the monomer
and 5.5 ns for the tetramer, which are consistent with over-
all rotational diffusion.

Melittin binds to lipid vesicles because one side of the
protein has nonpolar surface in the α-helical state.83–85 This
binding results in a dramatic change in the anisotropy decay
(Figure 17.26), which now shows a correlation time near 12
ns, but with uncertainty in the actual value.80 It is difficult
to obtain much information after 10 ns, or three times the
mean lifetime, due to the low remaining intensity. In gener-
al one should select probes whose decay times are longer
than the process being measured.

The data in Figure 17.26 illustrate a difficulty frequent-
ly encountered when measuring protein anisotropy decays.
The measured time-zero anisotropy, r(0), is less than the
fundamental anisotropy (r0 = 0.3) for the 300-nm excitation
wavelength. A low apparent time-zero anisotropy can be
due to the limited time resolution of the instrumentation. If
the correlation time is too short, the anisotropy decays with-
in the instrument response function and the apparent time-
zero anisotropy is less than the actual value.86
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Figure 17.25. Short and long rotational correlation times for indole,
tryptophan, and peptides in propylene glycol at 5°C. 1, indole; 2, 3-
methylindole; 3, trp; 4, NATA; 5, gly-trp; 6, trp-trp; 7, gly-trp-gly; 8,
leu-trp-leu; 9, glu-trp-glu; 10, lys-trp-lys; 11, gastrin; 12, pentagastrin;
13, [tyr4-bombesin); 14, dynorphin; 15, [asn15]-dynorphin; 16, cosyn-
tropin; 17, melittin. From [79].

Figure 17.26. Anisotropy decays of monomeric and tetrameric melit-
tin, in water and 2 M NaCl, respectively. Also shown is the anisotropy
decay when bound to DMPC lipid vesicles. Excitation at 300 nm.
Data from [80].



17.6. BIOCHEMICAL EXAMPLES USING
TIME-RESOLVED PROTEIN FLUORESCENCE

17.6.1. Decay-Associated Spectra of Barnase

In Section 16.8.2 we described the spectral properties of
barnase. The wild-type protein contains three tryptophan
residues: W35, W71, and W94 (Figure 16.48). Barnase dis-
plays a pH-dependent change in intensity that was attrib-
uted to quenching of W94 by the side chain of a protonated
histidine residue H18. Time-resolved measurements and
site-directed mutagenesis were used to determine the life-
times of W94 when the histidine is positively charged or in
the neutral state. This was accomplished by constructing
three double mutants, each containing a single-tryptophan
residue.87 The intensity decays of all the single-tryptophan
mutants were multi-exponential. The emission spectra and

mean lifetimes are shown in Figure 17.27. The mean life-
times of W71 and W35 are essentially independent of pH.
The mean lifetime of W94 changes dramatically with pH,
from 1.19 ns at pH 5.8 to 3.35 ns at H 8.9. This effect is due
to H18, which quenches W94 when in the protonated form.
These results confirm the conclusions obtained using the
mutants that contained two tryptophan residues (Section
16.8.2).

17.6.2. Disulfide Oxidoreductase DsbA

The emission of tryptophan residues in proteins is frequent-
ly affected by nearby groups in proteins. Such effects were
seen in the disulfide oxidoreductase DsbA from E. coli.88–89

The wild-type DsbA contains two tryptophan residues:
W76 and W126 (Figure 17.28). W76 is sensitive to the
redox state of DsbA. W126 was found to be essentially non-
fluorescent irrespective of the redox state of the protein.
The reason for quenching of W126 in DsbA was studied
using site-directed mutagenesis. The mutant protein W76F
was constructed to obtain a protein that contained only
W126. The origin of the quenching was studied using
W76F by mutating amino-acid residues close to W126.
Since amides are known to be possible quenchers of trypto-
phan, glutamine 74 and asparagine 127 were replaced with
alanine.

The time-resolved intensity decays of the DsbA
mutants were measured for various wavelengths across the
emission spectra. The recovered multi-exponential decays
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Figure 17.27. Emission spectra and mean decay time of the three sin-
gle-tryptophan mutants of barnase at pH 5.8 and 8.9. The mean life-
times are different than in [87] and were calculated using τ� = 3fiτi.
Data from [87].

Figure 17.28. Structure of disulfide oxidoreductase DsbA from E.
coli.



were used to calculate the decay-associated spectra (Figure
17.29). As is usually seen with single-tryptophan proteins,
the intensity decays were multi-exponential. The DAS show
that Q74 and N127 were responsible for quenching of
W126. For the protein containing these residues, W76F, the
largest component in the DAS is for a decay time of 0.14 ns.
For the protein-lacking residues N127 and Q74 (Figure
17.28, lower panel) the DAS are dominated by a component
with a lifetime of 3.57 ns. In examining these data it is
important to notice that the individual lifetimes were not
assigned to a quenched or unquenched residue. In the
quenched mutant protein (Figure 12.29 top) and in the
unquenched mutant proteins (bottom) the tryptophan
residue displays at least three decay times. The effects of
Q74 and N127 were determined by considering which
decay times were dominant in the total emission.

17.6.3. Immunophilin FKBP59-I: Quenching of
Tryptophan Fluorescence by Phenylalanine

Immunophilin FKBP59-I provides another example of
quenching of tryptophan by a nearby amino-acid side
chain.90 In this case the quencher is phenylalanine, which is
not usually considered a quencher. Immunophilins are
receptors for immunosuppressant drugs such as cyclo-
sporin. The immunophilin domain FKBP59-I contains two
tryptophan residues at positions 59 and 89 (Figure 17.30).
In general it would be difficult to separate the contributions
of the two tryptophan residues using data for just FKBP59-
I. An analogous protein FKBP12 was available that con-
tained just W89. The intensity of these two proteins is
markedly different, with W89 showing a much lower quan-
tum yield (0.025 versus 0.19 for FKBP59). Trp-89 in
FKBP12 shows more rapid intensity decay than FKBP59-I,
with two tryptophan residues (Figure 17.31). For the pro-
tein with two tryptophan residues, one of which is highly-
fluorescent, the lifetime distribution analysis shows a dom-
inant decay time near 6.16 ns. For the single-tryptophan
protein the intensity decay is dominated by the more weak-
ly emitting residue, which displays a more heterogeneous
intensity  decay with  a  dominant  decay time near 0.21 ns
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Figure 17.29. Steady-state emission and decay-associated spectra of
W126 in DsbA mutants. Data from [88].

Figure 17.30. Location of the two tryptophan in FKBP59-I. FKBP12
has only trp-89.



(Figure 17.31, lower panel). These results revealed an unex-
pected origin for quenching of W89. Apparently this trypto-
phan residue is quenched due to a nearby phenylalanine
residue. Benzene is known to decrease the decay times of
indole.91 Although not reported, one would expect denatu-
ration of the protein to decrease the extent of quenching and
normalize the fluorescence of W89, which would support
the conclusion that F129 is responsible for quenching of
W89.

17.6.4. Trp Repressor: Resolution of the 
Two Interacting Tryptophans

Site-directed mutagenesis and frequency-domain measure-
ments were used to study the two tryptophan residues in the

tryptophan repressor from E. coli.92–93 The wild-type pro-
tein is a symmetrical dimer and contains two tryptophans at
positions 19 and 99 in each subunit. The W99F mutant con-
tains only tryptophan 19 (W19) and the W19F mutant con-
tains only tryptophan 99 (W99). Emission spectra of the
three proteins show that the protein with W19 has a higher
quantum yield than the protein with W99, or even the wild-
type protein with two tryptophan residues (Figure 17.32).

Frequency-domain intensity decays of the three repres-
sor proteins show that each displays a distinct intensity
decay (Figure 17.33). The longest decay time is shown by
the mutant with W19, as can be judged by the larger phase
angles at lower frequencies. The mean decay time of W19
is even longer than that of the wild-type protein. These
results indicate that W99 acts as a quencher in the wild-type
protein, presumably by RET from W19 to W99. This is rea-
sonable because W19 has a shorter emission maximum than
W99.

The difficulties in resolving the emission from each
residue using only the wild-type protein is illustrated by the
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Figure 17.31. Top: Time-resolved intensity decay of FKBP59-I and
FKBP12. Bottom: Lifetime distribution recovered using the maxi-
mum entropy method. Excitation at 295 nm. Emission at 340 nm,
20°C. Reprinted with permission from [90]. Copyright © 1997,
American Chemical Society.

Figure 17.32. Emission spectra of the wild-type E. coli trp repressor
(WT) and its two single-tryptophan mutants. Revised from [92].



intensity decays (Table 17.5). Both the wild-type protein
and the single-tryptophan mutants display a double-expo-
nential decay. The decay times overlap for all three pro-
teins. Also, the interactions between the tryptophan residues
imply that the intensity decay of the wild-type protein is not
a result of adding the intensity decays of the two single-
tryptophan mutants. The emission of the wild-type protein
is not the sum of the emission of the two single-tryptophan
mutants.

17.6.5. Thermophilic ββ-Glycosidase:
A Multi-Tryptophan Protein

In the preceding sections we saw studies of proteins with a
limited number of tryptophan residues. As the number of
tryptophan residues increases, it becomes impractical to
resolve the individual residues. Even if single-tryptophan
mutants can be made it is unlikely that the protein will
remain stable after substitution of a large number of trypto-
phan residues. In such cases it can be informative to exam-
ine the lifetime distributions of the wild-type protein. S. sol-

fataricus is an extreme thermophile growing at 87EC. Its β-
glycosidase is a 240-kDa tetramer that contains 68 trypto-
phan residues, 17 per subunit (Figure 17.34). The β-gly-
cosidase remains native and active to above 85EC. It is
impractical to attempt to resolve the individual emission
spectra, and equally impractical to prepare single-trypto-
phan mutants. One can nonetheless measure the intensity
decays of the protein, which in this case were measured
using the frequency-domain method. The decays are highly
heterogeneous and were interpreted in terms of a bimodal
lifetime distribution (Figure 17.35). As the temperature is
increased the two components shift progressively towards
shorter lifetimes.94

17.6.6. Heme Proteins Display Useful Intrinsic
Fluorescence

For many years it was assumed that heme proteins were
nonfluorescent. This was a reasonable assumption given
that the intense Soret absorption band of the heme groups is
expected to result in Förster distances (R0) for trp to heme
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Figure 17.33. Frequency-domain intensity decay of the trp repressor
(!) and its two single-tryptophan mutants with W19 (�) or W99 (�).
Revised and reprinted with permission from [92]. Copyright © 1993,
American Chemical Society.

Table 17.5. Intensity Decays of the Trp Repressor,
and Its Single–Tryptophan Mutantsa

Protein                        τi (ns)          αi fi τ� (ns)b

WT (W19 and W99) 0.57 0.70 0.28 1.41
3.36 0.30 0.72

W19F (W99) 0.58 0.83 0.47 1.01
3.14 0.17 0.53

W99F (W19) 0.40 0.28 0.04 2.95
3.94 0.72 0.96

aFrom [92].
bCalculated using τ� = Σi fi τi.

Figure 17.34. Frequency dependence of the phase shift and demodu-
lation factors of S. solfataricus β-glycosidase fluorescence emission at
neutral pH at 5, 45, and 85°C. The structure is one monomer from the
tetramer; tryptophans are in red. Revised from [94].



transfer near 32–34 Å. Since this distance is larger than the
20-Å radius of a myoglobin molecule, RET is expected to
be nearly complete.

Detection of tryptophan emission from heme proteins
is experimentally difficult. Suppose RET quenching is 99%
efficient, and suppose that your protein solution contains a
1% impurity of the apoprotein or some non-heme protein.
The signal from the impurity will be approximately equal to
that from the heme protein. For this reason it is difficult to
prove if the observed weak emission is due to heme pro-
teins, to impurities, or to the apoproteins. In spite of these
difficulties, some groups were successful in detecting heme
protein emission from the steady-state data.95–98 Subsequent
time-resolved experiments confirmed that heme proteins
do display weak intrinsic fluorescence, and the ps decay
times found in heme proteins can be correlated with their
structure.99–106

An example of intrinsic fluorescence from a heme pro-
tein is provided by seed-coat soybean peroxidase (SBP).105

This protein contains 326 amino acids and a single-trypto-
phan residue, W117 (Figure 17.36). The intensity decay of
W117 is highly heterogeneous, showing at least four decay
times (Figure 17.37). The lifetime distribution recovered
from the intensity decay is informative in showing that 97%
of the steady-state intensity is due to the 36-ps component.
This result illustrates the difficulty in studies of heme pro-
tein fluorescence. It is difficult to know if the minor longer
lifetime components are due to the heme protein itself, or

impurities, apoprotein, or unusual conformations of the
heme protein that do not allow efficient energy transfer.

The emission of heme proteins has also been studied
using the frequency-domain method.106 Representative
intensity decays for hemoglobin are shown in Figure 17.38.
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Figure 17.35. Tryptophanyl-lifetime-distribution of S. solfataricus β-
glycosidase at the indicated temperatures. Revised from [94].

Figure 17.36. Structure of seed-coat soybean peroxidase.

Figure 17.37. Intensity decays of the intrinsic tryptophan emission
from soybean peroxidase. The fractional intensities of the 2.0- and
6.2-ns components are near 0.008 and 0.002, respectively. Data from
[105].



The frequency-domain data revealed both ps and ns decay
times. Long-lifetime ns components were also found for
myoglobin. These long-lived components are thought to be
due to conformational isomers of the proteins in which the
heme on the tryptophan residue is positioned so that energy
transfer cannot occur. The time-resolved data can provide
useful information under conditions where the steady-state
data are ambiguous.

17.7. TIME-DEPENDENT SPECTRAL 
RELAXATION OF TRYPTOPHAN Advanced Topic

We have seen many examples of resolving the emission
from individual tryptophan residues in multi-tryptophan
proteins. During this analysis we assumed that each trypto-
phan residue displayed the same lifetime at all emission
wavelengths. However, the lifetimes of a single-tryptophan

residue may not be the same at all emission wavelengths.
Many examples are known where the intensity decays are
different at different wavelengths. If the intensity decay of
indole in water is measured the decays will be essentially
the same at all emission wavelengths. However, the decays
become strongly dependent on emission wavelength in
more viscous solvents. Figure 17.39 shows intensity decay
of indole in glycerol at 20EC. The intensity decays were
measured for various wavelengths across the emission spec-
trum.107 The intensity decay at 310 nm, which is on the blue
side of the emission, is more rapid than the decay at 390
nm, which is on the long-wavelength side of the emission.
This difference is due to solvent relaxation around the excit-
ed state, which is occurring on a timescale comparable to
the decay time (Chapter 7). The intensity decay at 380 nm
shows a rise time that is proof of an excited-state process.

The intensity decays at each wavelength can be ana-
lyzed by the multi-exponential model. In this global analy-
sis the lifetimes τi were assumed to be independent of wave-
length and the amplitude αi(λ) was assumed to depend on
wavelength. These are the same assumptions that are com-
monly used when analyzing wavelength-dependent data
from proteins. The wavelength-dependent decays allow cal-
culation of the decay-associated spectra (Figure 17.40, top).
The results are presented in wavenumber units. The DAS
for shorter decay times show shorter wavelength emission
maxima, and the amplitudes are negative at some wave-
lengths.

For indole in glycerol we do not expect unique emitting
species, so the DAS in Figure 17.40 give the misleading
impression of discrete emitting states. The recovered
decays can also be used to calculate the time-resolved emis-
sion spectra (Figure 17.40, bottom). The TRES show a
gradual shift to longer wavelengths and probably provide a
more reasonable description of indole in glycerol. Time-
dependent spectral relaxation can result in DAS that are not
due to unique emitting species.

Tryptophan residues in a protein are in a viscous envi-
ronment, probably comparable to glycerol. A large amount
of data suggest that spectral relaxation occurs in many pro-
teins,108–119 but there may also be proteins where relaxation
does not occur. When wavelength-dependent intensity de-
cays are measured for a protein it is not always clear
whether to use DAS or TRES. For a multi-tryptophan pro-
tein one is tempted to use DAS and to associate the DAS
with the individual tryptophan residues. This association
may not always be correct. Similarly, for a single-trypto-
phan protein there is a tendency to associate the DAS with
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Figure 17.38. Frequency-domain intensity decays of the intrinsic
tryptophan fluorescence from hemoglobin. From [106].

Figure 17.39. Intensity decays of indole in glycerol at 20°C. Revised
from [107].



multiple conformations. However, it is important to remem-
ber that the DAS and TRES are representations of the data,
and not of the protein. Most time-resolved data are not ade-
quate to distinguish between discrete DAS or continuous
relaxation.

Evidence for time-dependent relaxation of tryptophan
residues is pervasive but not specific. One characteristic of
spectral relaxation is an increase of the mean decay time
with increasing observation wavelength. Since there seems
to be no correlation between the emission maxima of pro-
teins and their mean lifetimes (see Figure 16.12), there
should be equal numbers of proteins that display increases
or decreases in lifetime with increasing wavelength. How-
ever, for almost all proteins the mean lifetime increases

with increasing emission wavelength, which is characteris-
tic of spectral relaxation. Even single-tryptophan proteins
display lifetimes that increase with increasing wavelength.
An unambiguous characteristic of an excited-state process
is a negative pre-exponential factor in the intensity decay.
Such components have only been rarely observed in pro-
teins, one example being chicken pepsinogen.115 The
absence of negative pre-exponential factors does not prove
the absence of spectral relaxation because these terms are
easily eliminated by spectral overlap. However, the correla-
tion between shorter emission wavelengths and shorter life-
times could also be due to quenching by peptide bonds.

The difficulty in interpreting the data in terms of DAS
or spectral relaxation is illustrated by studies of myelin
basic protein (MBP),119 which contains a single-tryptophan
residue. This protein is found in the central nervous system
associated with myelin. In solution in the absence of mem-
branes, MBP is thought to be mostly unstructured. Time-
resolved decays were collected across the emission spec-
trum and used to calculate the DAS and TRES (Figure
17.41). The DAS seem to imply multiple conformations and
the TRES suggest a continuous relaxation process. The
time-resolved data usually do not indicate whether the
decays are due to discrete emitting species or a continuous-
ly changing population. Most papers on protein fluores-
cence select either the DAS or TRES for presentation, de-
pending on the preferred interpretation of the data.

Under favorable conditions ground-state heterogeneity
or spectral relaxation can be distinguished by detection of a
negative pre-exponential factor on the long-wavelength side
of the emission. Such a factor is rarely observed for pro-
teins.115 The typical absence of negative pre-exponential
factors in proteins is probably due to the modest spectral
shift during the excited-state lifetimes and spectral overlap
between the initially excited and relaxed states (Chapter 7).
Negative pre-exponential factors can be seen from indole
derivatives under conditions that may mimic the interior of
proteins.120–121 Figure 17.42 shows the lifetime distributions
for tryptophan octyl ester (TOE) in micelles of an
uncharged detergent. On the short-wavelength side (305
nm) the amplitudes are all positive. The amplitudes become
negative on the long-wavelength (375 nm) side of the emis-
sion, which proves that spectral relaxation has occurred. In
proteins the time-dependent spectral shifts are usually
smaller, and the multiple-tryptophan residues emit at differ-
ent wavelengths. These factors probably prevent the appear-
ance of negative pre-exponential factors. For most proteins
it is probably safe to assume that multiple-tryptophan
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Figure 17.40. Decay-associated spectra (top) and time-resolved emis-
sion spectra (bottom). The DAS and TRES were calculated from the
same time-resolved decays of indole in glycerol at 20°C. Revised
from [107].



residues, multiple conformations, and spectral relaxation all
affect the intensity decays.

17.8. PHOSPHORESCENCE OF PROTEINS
Advanced Topic

Phosphorescence is usually observed at low temperature
and/or in the complete absence of quenchers.122–124 These
conditions are needed because phosphorescence lifetimes
are typically long—milliseconds to seconds—and thus
quenched by low concentrations of oxygen or impurities.
Low temperatures are also needed to decrease the rates of
non-radiative decay to be comparable with the phosphores-
cence emission rates. Otherwise, the quantum yield of
phosphorescence will be very small.

Figure 17.43 shows the fluorescence and phosphores-
cence of tryptophan in a glass at low temperatures.125 Phos-
phorescence occurs at longer wavelengths than fluores-
cence, and phosphorescence spectra are typically more
structured. The phosphorescence is shown as a separate
spectrum from the fluorescence. A separate phosphores-
cence spectrum is only observed if detection of the phos-
phorescence is gated to remove the fast decay fluorescence.
More typical spectra are shown in Figure 17.44 for NATA
in a glass-forming solvent at various temperatures.126 At
low temperature (100 to 190EK) the phosphorescence
appears on the long-wavelength side of the fluorescence
spectrum. Without gated detection both emissions are
observed. The wavelength resolution of the phosphores-
cence is lower in Figure 17.44 than in Figure 17.43. The
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Figure 17.41. Decay-associated spectra and time-resolved emission
spectra from myelin basic protein at 30°C, 289-nm excitation. Revised
from [119].

Figure 17.42. Lifetime distributions for tryptophan octyl ester (TOE)
in dodecylmaltoside (DM) micelles, 20°C. Revised from [121].



spectra in 17.44 are more typical because a bandpass near 5
nm is typically used in recording fluorescence spectra. If
the decay times were measured at 350 and 450 nm, the 450-
nm emission would show a millisecond decay time and the
350-nm emission the usual nanosecond decay time.

In the 1980 reports there appeared an observation
of tryptophan phosphorescence from proteins at room tem-
perature,127–129 in some cases in the presence of oxygen.130

This was surprising given the long lifetimes for phosphores-
cence. Some of the early reports were in error due to deple-
tion of oxygen with intense excitation intensities.131 In

spite of this initial confusion it is now accepted that some
proteins display phosphorescence in solution at room tem-
perature.132–140 Observation of useful phosphorescence
requires the complete exclusion of oxygen, but some stud-
ies have been performed with oxygen concentrations up to
about 80 μM.

The phosphorescence decay times of proteins at room
temperature can be surprisingly long (Figure 17.45).140 In
contrast to fluorescence decays the decays of phosphores-
cence seem to be more like single exponentials. Buried
tryptophans with short emission wavelength tend to have
longer phosphorescence decay times than exposed residues
(Table 17.6).141 The nearly single-exponential decays of
phosphorescence and the large range of phosphorescence
decay times suggest the possibility of resolving the emis-
sion of several tryptophans in a multi-tryptophan protein.

The highly structured emission of tryptophan phospho-
rescence can allow the resolution of two tryptophan
residues in a single protein.92 This possibility is shown for
the tryptophan repressor and its single-tryptophan mutants
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Figure 17.43. Absorption, fluorescence, and phosphorescence spectra
of tryptophan in a low-temperature glass. Revised from [125].

Figure 17.44. Emission spectra of NATA in a glycerol–water mixture.
Revised from [126].

Table 17.6. Correlation of Fluorescence Emission Maximum
and Phosphorescence Lifetime in Single-Tryptophan Proteinsa

Fluorescence             Phosphorescence
maximum                      lifetime

Protein                                (nm)                             (ms)

Azurin 305 400
Parvalbumin (calcium) 320 5
Ribonuclease T1 325 14
Melittin 340 <0.5
Monellin 345 <0.5
Parvalbumin (no calcium) 350 <0.5

aFrom [141].

Figure 17.45. Phosphorescence intensity decays of proteins in aque-
ous solution at room temperature. Revised from [140].



(Figure 17.46). The wild-type protein shows two sharp
peaks near 400 nm, and each of the single-tryptophan mu-
tants show a single peak near this wavelength. Each of these
peaks is thus due to a single-tryptophan residue.

Multiple phosphorescence peaks have been observed
for other proteins with two tryptophan residues.142–145 Site-
directed mutagenesis has been used to identify amino-acid
side chains that quench tryptophan phosphorescence.146

Figure 17.47 shows the phosphorescence emission spectra
of glyceraldehyde-3-phosphate dehydrogenase (GPD) from
Bacillus stearothermophilus. The wild-type protein con-
tains two tryptophan residues: W84 and W310. The emis-
sion spectrum of the W84F mutant allows assignment of the
peaks near 400 nm to each tryptophans residue. The lower
panel shows the phosphorescence decays at 0EC. The
mutant containing W310 shows a very short phosphores-
cence decay time. This short decay time is due to a tyrosine
residue at position 283 (Y283). Replacement of this tyro-
sine with a valine (V) results in a 50-fold increase in the
decay time of W310.

17.9. PERSPECTIVES ON PROTEIN 
FLUORESCENCE

Our understanding of protein fluorescence has increased
dramatically in the past five years. The availability of a

large number of protein structures allows correlation be-
tween structural features of the proteins and their spectral
properties. General trends are beginning to emerge, such as
which side chains are most likely to quench tryptophan.
Energy transfer from short- to long-wavelength tryptophans
has been seen for several proteins. Emission maxima can be
correlated with exposure to solvent, as seen from the pro-
tein structure. This improved understanding of protein fluo-
rescence will allow its use to answer more specific ques-
tions about protein function and protein interactions with
other biomolecules.
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PROBLEMS

P17.1. Rotational Diffusion of Proteins: Use the data in Table
17.7 to calculate the activation energy for rotational dif-
fusion of RNase T1 in aqueous solution. Also, predict
the steady-state anisotropy of RNase T1 at each temper-
ature from the time-resolved data.

P.17.2.  Rotational Freedom of Tryptophan Residues in Pro-
teins: Use the data in Table 17.4 to calculate the cone
angle for tryptophan motion, independent of overall
rotational diffusion. Assume the fundamental
anisotropy is 0.31. Perform the calculation for RNase
T1, staph. nuclease, monellin, melittin monomer, and
melittin tetramer.

P.17.3.  Apparent Time-Zero Anisotropies of Proteins: The
time-zero anisotropies from RNase T1 are different in
Tables 17.4 and 17.7. Describe possible reasons for
these differences.

P.17.4.  Calculation of Decay Associated Spectra: The lac
repressor from E. coli is a tetrameric protein with two
tryptophan residues per subunit. The intensity decays
and emission spectra are shown in Figure 17.48, and
the intensity decays are given in Table 17.8.

A. Explain the intensity decays (Figure 17.48, left) in
terms of the mean lifetime at each wavelength.

B. Calculate the decay-associated spectra and inter-
pret the results.
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Table 17.7. Rotational Correlation Times (λ), and Time-Zero
Anisotropies, r(0), for RNase T1 at Various Temperaturesa

η/T
T (EC)       (x10–3 kg) (m–1 s–1 K–1)    τ (ns)           r0 λ (ns)

–1.5 6.63 4.50 0.183 " 0.007 20.9 " 1.1
1.5 6.18 4.45 0.176 " 0.003 15.6 " 0.8

15.4 3.92 4.19 0.184 " 0.004 9.6 " 0.6
29.9 2.63 3.83 0.187 " 0.004 6.0 " 0.4
44.4 1.89 3.33 0.197 " 0.003 3.7 " 0.2

aAlso listed are the calculated values of η/T, where η is the solution vis-
cosity. From [54].

Figure 17.48. Intensity decays at the indicated emission wavelength (left) and emission spectrum (right) of the E. coli lac repressor. IRF is the instru-
ment response function. Revised from [147].

Table 17.8. Intensity Decays of the E. coli
lac Repressora

τ1 = 3.8 ns            τ2 = 9.8 ns
λem (nm)                          α1 (λ)                  α2 (λ)

315 0.72 0.28
320 0.64 0.36
330 0.48 0.52
340 0.35 0.65
350 0.28 0.72
360 0.18 0.82
370 0.08 0.92
380 – 1.00

aFrom [147].



C. How could you confirm this assignment of the
DAS to each tryptophan residue?

P17.5.  Calculation of a Tryptophan-to-Heme Distance: Figure
17.36 shows the crystal structure of soybean peroxi-
dase. The dominant component in the tryptophan
intensity decay is 35 ps, which accounts for 97% of the
emission. Assume the other components are due to

impurities or apoprotein, so that the transfer efficiency
is up to 97%. Calculate the tryptophan-to-heme dis-
tance using the overlap intergral of J(λ) = 9.1 x 10–14

M–1 cm3 or the Förster distance of 35.1 Å for κ2 = 2/3.
The crystal structure indicates κ2 = 2. Assume a quan-
tum yield of 0.1 in the absence of energy transfer and
a refractive index of 1.3.
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