The biochemical applications of fluorescence often utilize
intrinsic protein fluorescence. Among biopolymers, pro-
teins are unique in displaying useful intrinsic fluorescence.
Lipids, membranes, and saccharides are essentially nonflu-
orescent, and the intrinsic fluorescence of DNA is too weak
to be useful. In proteins, the three aromatic amino acids—
phenylalanine, tyrosine, and tryptophan—are all fluores-
cent. These three amino acids are relatively rare in proteins.
Tryptophan, which is the dominant intrinsic fluorophore, is
generally present at about 1 mole% in proteins. The small
number of tryptophan residues is probably the result of the
metabolic expense of its synthesis. A protein may possess
just one or a few tryptophan residues, facilitating interpre-
tation of the spectral data. If all twenty amino acids were
fluorescent then protein emission would be more complex.

A valuable feature of intrinsic protein fluorescence is
the high sensitivity of tryptophan to its local environment.
Changes in the emission spectra of tryptophan often occur
in response to conformational transitions, subunit associa-
tion, substrate binding, or denaturation. These interactions
can affect the local environment surrounding the indole
ring. Tyrosine and tryptophan display high anisotropies that
are often sensitive to protein conformation and the extent of
motion during the excited-state lifetime. Also, tryptophan
appears to be uniquely sensitive to collisional quenching,
apparently due to a tendency of excited-state indole to
donate electrons. Tryptophan can be quenched by external-
ly added quenchers or by nearby groups within the proteins.
There are numerous reports on the use of emission spectra,
anisotropy, and quenching of tryptophan residues in pro-
teins to study protein structure and function.

A complicating factor in the interpretation of protein
fluorescence is the presence of multiple fluorescent amino
acids in most proteins. The environment of each residue is
distinct and the spectral properties of each residue are gen-
erally different. However, the absorption and emission
spectra of tryptophan residues in proteins overlap at most
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usable wavelengths, and it is difficult to separate the spec-
tral contributions of each tryptophan in a multi-tryptophan
protein. Complex time-resolved intensity decays are found
even for proteins that contain a single-tryptophan residue.
Most single-tryptophan proteins display multi-exponential
intensity decays. For this reason one cannot simply inter-
pret the multiple decay times of a multi-tryptophan protein
in terms of the individual tryptophan residues in a protein.

As a further complicating factor, tryptophan displays
complex spectral properties due to the presence of two
nearly isoenergetic excited states, 'L, and 'L,. The electron-
ic transitions display distinct absorption, emission, and ani-
sotropy spectra, and are differently sensitive to solvent
polarity. The complexity of indole photophysics has stimu-
lated detailed studies of protein fluorescence, but has also
inhibited interpretation of the data.

Protein fluorescence can be complex, but considerable
progress has been made in the past decade. The origin of the
multi-exponential decay of tryptophan in water is now
largely understood as due to the presence of rotational con-
formational isomers (rotamers). These rotamers have differ-
ent orientations of the amino and carboxyl groups relative
to the indole ring. Studies of single-tryptophan proteins
have provided information on the spectral properties of
tryptophan in unique environments. Widely different spec-
tral properties have been observed for single-tryptophan
proteins. The highly variable tryptophan quantum yields of
proteins appear to be the result of nearby quenchers in the
protein, which include lysine and histidine residues. Under
appropriate conditions it appears that even amide groups in
the peptide backbone can act as quenchers. The use of site-
directed mutagenesis has allowed creation of mutants that
contain one instead of several tryptophan residues, insertion
of tryptophan at desired locations in the protein, and modi-
fication of the environment around a tryptophan residue.
Examination of single-tryptophan proteins and engineered
proteins has provided a more detailed understanding of how
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the local environment determines the spectral properties of
tryptophan. It is also possible to insert tryptophan ana-
logues into proteins. These analogues display unique spec-
tral features, and are observable in the presence of other
tryptophan residues.

In summary, a growing understanding of indole photo-
physics, the ability to place the tryptophan residues at
desired locations, and the availability of numerous protein
structures has resulted in increased understanding of the
general factors that govern protein fluorescence. The high
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sensitivity of the emission from tryptophan to the details of
its local environment have provided numerous opportuni-
ties for studies of protein functions, folding, and dynamics.

16.1. SPECTRAL PROPERTIES OF THE
AROMATIC AMINO ACIDS

Several useful reviews and monographs have summarized
the spectral properties of proteins.!-9 Proteins contain three
amino-acid residues that contribute to their ultraviolet fluo-
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Figure 16.1. Absorption (A) and emission (E) spectra of the aromatic amino acids in pH 7 aqueous solution. Courtesy of Dr. I. Gryczynski, unpub-
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rescence which are usually described by their three- or one-
letter abbreviations. These are tyrosine (tyr, Y), tryptophan
(trp, W), and phenylalanine (phe, F). The absorption and
emission spectra of these amino acids are shown in Figure
16.1. Emission of proteins is dominated by tryptophan,
which absorbs at the longest wavelength and displays the
largest extinction coefficient. Energy absorbed by pheny-
lalanine and tyrosine is often transferred to the tryptophan
residues in the same protein.

Phenylalanine displays the shortest absorption and
emission wavelengths. Phenylalanine displays a structured
emission with a maximum near 282 nm. The emission of
tyrosine in water occurs at 303 nm and is relatively insensi-
tive to solvent polarity. The emission maximum of trypto-
phan in water occurs near 350 nm and is highly dependent
upon polarity and/or local environment. Indole is sensitive
to both general solvent effects (Section 16.1.2). Indole dis-
plays a substantial spectral shift upon forming a hydrogen
bond to the imino nitrogen, which is a specific solvent
effect (Section 6.3). Additionally, indole can be quenched
by several amino-acid side chains. As a result, the emission
of each tryptophan residue in a protein depends on the
details of its surrounding environment.

Protein fluorescence is generally excited at the absorp-
tion maximum near 280 nm or at longer wavelengths. Con-
sequently, phenylalanine is not excited in most experiments.
Furthermore, the quantum yield of phenylalanine in pro-
teins is small—typically near 0.03—so emission from this
residue is rarely observed for proteins. The absorption of
proteins at 280 nm is due to both tyrosine and tryptophan
residues. At 23°C in neutral aqueous solution the quantum
yields of tyrosine and tryptophan are near 0.14 and 0.13,
respectively,!0 the reported values being somewhat variable.
At wavelengths longer than 295 nm, the absorption is due
primarily to tryptophan. Tryptophan fluorescence can be
selectively excited at 295-305 nm. This is why many papers
report the use of 295-nm excitation, which is used to avoid
excitation of tyrosine.

Tyrosine is often regarded as a rather simple fluo-
rophore. However, under some circumstances tyrosine can
also display complex spectral properties. Tyrosine can
undergo excited-state ionization, resulting in the loss of the
proton on the aromatic hydroxyl group. In the ground state
the pK, of this hydroxyl is about 10. In the excited state the
pK, decreases to about 4. In neutral solution the hydroxyl
group can dissociate during the lifetime of the excited state,
leading to quenching of the tyrosine fluorescence. Tyrosi-
nate is weakly fluorescent at 350 nm, which can be con-
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fused with tryptophan fluorescence. Tyrosinate emission is
observable in some proteins, but it appears that excited-
state ionization is not a major decay pathway for tyrosine in
proteins.

Because of their spectral properties, resonance energy
transfer can occur from phenylalanine to tyrosine to trypto-
phan. Energy transfer has been repeatedly observed in
many proteins and is one reason for the minor contribution
of phenylalanine and tyrosine to the emission of most pro-
teins. Also, blue-shifted tryptophan residues can transfer the
excitation to longer wavelength tryptophan residues. The
anisotropies displayed by tyrosine and tryptophan are sen-
sitive to both overall rotational diffusion of proteins, and the
extent of segmental motion during the excited-state life-
times. Hence, the intrinsic fluorescence of proteins can pro-
vide considerable information about protein structure and
dynamics, and is often used to study protein folding and
association reactions. We will present examples of protein
fluorescence that illustrate the use of intrinsic fluorescence
of proteins. In Chapter 17 we describe time-resolved stud-
ies of protein fluorescence.

16.1.1. Excitation Polarization Spectra of
Tyrosine and Tryptophan

The emission maximum of tryptophan is highly sensitive to
the local environment, but tyrosine emission maximum is
rather insensitive to its local environment. What is the rea-
son for this distinct behavior? Tryptophan is a uniquely
complex fluorophore with two nearby isoenergetic transi-
tions. In contrast, emission from tyrosine appears to occur
from a single electronic state.

Information about overlapping electronic transitions
can be obtained from the excitation anisotropy spectra
(Chapter 10). The anisotropy spectrum is usually measured
in frozen solution to prevent rotational diffusion during the
excited-state lifetime. For a single electronic transition the
anisotropy is expected to be constant across the absorption
band. The anisotropy of tyrosine (Figure 16.2) is relatively
constant across the long-wavelength absorption band
(260-290 nm). Most fluorophores display some increase in
anisotropy as the excitation wavelength increases across the
Sy, = S, transition (260-290 nm), but such an anisotropy
spectrum is usually regarded as the result of a single transi-
tion. The anisotropy data in Figure 16.2 are for N-acetyl-L-
tyrosinamide (NATyrA) instead of tyrosine. Neutral deriva-
tives of the aromatic amino acids are frequently used
because the structures of these derivatives resemble those of
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Figure 16.2. Excitation spectrum and excitation anisotropy spectra of
N-acetyl-L-tyrosinamide (NATyrA). The fluorescence anisotropies
(O) were measured in a mixture of 70% propylene glycol with 30%
buffer at —-62°C. The emission was observed at 302 nm. Data from
[11-13].

the residues found in proteins. The quantum yield and life-
times of tyrosine and tryptophan can be affected by the ion-
ization state of the amino and carboxyl groups in tyrosine
and tryptophan. These effects can be avoided by use of the
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Figure 16.3. Electronic absorption transitions in tyrosine and trypto-
phan. Data from [16-17].
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neutral analogues, but it is now known that amide groups
can sometimes act as quenchers.!4-15

Interpretation of the anisotropy or anisotropy decay is
aided by knowledge of the direction of the electronic tran-
sition in the fluorophore. The lowest electronic transition of
tyrosine, with absorption from 260 to 290 nm, is due to the
IL, transition oriented across the phenol ring!¢ (Figure
16.3). The 'L, transition is the origin of the stronger absorp-
tion below 250 nm. The anisotropy of tyrosine decreases for
shorter-wavelength excitation (Figure 16.2) and becomes
negative below 240 nm (not shown). This indicates that the
IL, transition is nearly perpendicular to the 'L, emitting
state. For longer-wavelength excitation, above 260 nm, the
anisotropy is positive, indicating the absorption transition
moment is mostly parallel to the 'L, emission transition
moment. For excitation above 260 nm the absorption and
emission occur from the same 'L, state.

In contrast to tyrosine, indole and tryptophan do not
display constant anisotropy across the long-wavelength
absorption band (Figure 16.4).17-18 On the long-wavelength
side of the absorption tryptophan displays a high value of r,
near 0.3. This indicates nearly collinear absorption and
emission dipoles. The anisotropy decreases to a minimum
at 290 nm, and increases at excitation wavelengths from
280 to 250 nm. This complex behavior is due to the pres-
ence of two electronic transitions to the 'L, and 'L, states in
the last absorption band (Figure 16.3). These transition
moments are oriented nearly perpendicular to each
other,!9-23 so that the fundamental anisotropy (r,) is strong-
ly dependent on the fractional contribution of each state to
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Figure 16.4. Excitation anisotropy spectra of tryptophan in propylene
glycol at —=50°C. Also shown are the anisotropy-resolved spectra of the
L, (dotted) and 'L, (dashed) transitions. Data from [18].
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the absorption. The minimum anisotropy near 290 nm is
due to a maximum in the absorption of the 'L, state. The
emission of tryptophan in solution and of most proteins is
unstructured and due to the 'L, state. The anisotropy is low
with 290-nm excitation, because the emission is from a
state ('L,), which is rotated 90° from the absorbing state
('L,). This is another reason why protein fluorescence is
often excited at 295 to 300 nm. For these excitation wave-
lengths only the 'L, state absorbs and the anisotropy is high.
If emission occurs from the 'L, state the emission spectrum
frequently displays a structured emission spectrum.

The excitation anisotropy spectra can be used to
resolve the absorption spectra of the 'L and 'L, states.?*
This procedure is based on the additivity of anisotropies
(Section 10.1). This resolution assumes that the maximal
anisotropy is characteristic of absorption to and emission
from a single state, the 'L, state. A further assumption is
that the transitions to the 'L, and 'L, states are oriented at
90°. Using these assumptions the 'L, absorption is found to
be unstructured and to extend to longer wavelengths than
the structured 'L, absorption (Figure 16.4). The dominance
of L, absorption at 300 nm, and emission from the same
IL, state, is why proteins display high anisotropy with long-
wavelength excitation.

The possible emission from two states can complicate
the interpretation of time-resolved intensity decays. For
example, the intensity decay of tryptophan at pH 7 is a dou-
ble exponential, with decay times near 0.5 and 3.1 ns. At
first it was thought that the two decay times were due to
emission from the 'L and 'L, states.>> However, it is now
thought?-27 that the two decay times have their origin in the
rotamer populations, and that tryptophan emits only from
the 'L, state unless the local environment is completely
nonpolar. An early report of 2.1 and 5.4 ns for the two decay
times of tryptophan?8 is an error due to photodecomposition
of the sample. Time-resolved protein fluorescence will be
discussed in more detail in Chapter 17.

16.1.2. Solvent Effects on Tryptophan Emission
Spectra

In order to understand protein fluorescence it is important
to understand how the emission from tryptophan is affected
by its local environment.39-35 One factor affecting trypto-
phan emission is the polarity of its surrounding environ-
ment. The emission spectrum of tryptophan is strongly
dependent on solvent polarity. Depending upon the solvent,
emission can occur from the 'L, or 'L, states, but emission
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Figure 16.5. Emission spectra of indole in cyclohexane, ethanol and
their mixtures at 20°C. From [29].

from the 'L, state is infrequent. This is because the emis-
sion of tryptophan is sensitive to hydrogen bonding to the
imino group. This sensitivity is shown by the emission
spectra of indole in cyclohexane, which are sensitive to
trace quantities of hydrogen bonding solvent (Figure 16.5).
These spectra show the presence of specific and general sol-
vent effects.? In pure cyclohexane, in the absence of hydro-
gen bonding, the emission is structured, and seems to be a
mirror image of the absorption spectrum of the L, transi-
tion (compare Figures 16.4 and 16.5). In the presence of a
hydrogen-bonding solvent (ethanol) the structured emission
is lost and the emission mirrors the 'L, transition. These
structured and unstructured emission spectra indicate the
possibility of emission from either the 'L, or 'L, state. The
IL, state is more solvent sensitive than the 'L, state. The 'L,
transition shifts to lower energies in polar solvents. The
higher solvent sensitivity for the 'L, state seems reasonable
since the 'L, transition more directly involves the polar
nitrogen atom of indole (Figure 16.3). Furthermore, the
excited-state dipole moment of the 'L, state is near 6 debye,
but the excited-state dipole moment is smaller for the 'L,
state.0 In a completely nonpolar environment the 'L, state
can have lower energy and dominate the emission. In a
polar solvent the 'L, state has the lower energy and domi-
nates the emission. The electrical field due to the protein, or
the solvent reaction field, may also influence the emission
spectrum of indole.36-37

The different solvent sensitivities of the 'L, and 'L,
states of indole can be seen in the absorption spectra of
indole in the cyclohexane—ethanol mixtures (Figure 16.6).
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Figure 16.6. Absorption spectra of indole in cyclohexane
with increasing amounts of ethanol. Data courtesy of Dr. Ignacy Gryc-
zynski.

As the ethanol concentration is increased the vibrational
structure at 288 nm decreases. Similar results have been
observed for indole derivatives.38-3% These spectral changes
can be understood as a red shift of the L, absorption spec-
trum due to interaction of indole with the polar solvent.
This energy shift is probably due to both hydrogen bonding
interactions with the imino group and the general effects of
solvent polarity. The 'L, state is less sensitive to solvent,
and its absorption is less affected by polar solvent.

The properties of the 'L, and 'L, states explain the
complex emission spectra displayed by indole (Figure
16.5). In a completely nonpolar solvent the structured 'L,
state can be the lowest energy state, resulting in structured
emission. The presence of polar solvent decreases the ener-
gy level of the 'L, state, so that its unstructured emission
dominates. At higher ethanol concentrations these specific
solvent interactions are saturated, and indole displays a
polarity-dependent red shift consistent with general solvent
effects. Very few proteins display a structured emission,
which suggests few tryptophan residues are in completely
nonpolar environments.

16.1.3. Excited-State lonization of Tyrosine

Tyrosine displays a simple anisotropy spectrum, but it is
important to recognize the possibility of excited-state ion-
ization. Excited-state ionization occurs because the pK, of
the phenolic hydroxyl group decreases from 10.3 in the
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Figure 16.7. Normalized emission spectra of tyrosine at pH 7 and in
0.01 M NaOH (pH 12). Modified from [16].

ground state to about 4 in the excited state. Ionization can
occur even at neutral pH, particularly if the solvent contains
proton acceptors such as acetate. Tyrosinate emission is
most easily observed at high pH, where the phenolic OH
group is ionized in the ground state (Figure 16.7). In 0.01
M NaOH (pH 12) the emission of tyrosine is centered near
345 nm.%40 The emission from tyrosinate can be mistaken
for tryptophan. The decay time of tyrosinate at pH 11 has
been reported to be 30 ps.4!

In Figure 16.7 the tyrosine hydroxyl group is ionized in
the ground state. Tyrosinate emission can also be observed
at neutral pH, particularly in the presence of a base that can
interact with the excited state. One example is shown in
Figure 16.8, which shows the emission spectra of tyrosine
at the same pH, but with increasing concentrations of
acetate buffer. The emission intensity decreases with
increased acetate concentrations. This decrease occurs
because the weakly basic acetate group can remove the phe-
nolic proton, which has a pK, of 4.2 to 5.3 in the first sin-
glet state.*0-#3 If the tyrosinate form does not emit, the
acetate behaves like a collisional quencher, and the extent
of excited-state ionization and quenching depends on the
acetate concentration. Tyrosine can also form ground-state
complexes with weak bases such as phosphate.+4

Because of its low quantum yield the emission from
tyrosinate is not easily seen in Figure 16.8. This emission is
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Figure 16.8. Corrected fluorescence emission spectra of tyrosine in
acetate/acetic acid buffer solutions of differing ionic strength. pH =
6.05. Revised from [42].
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Figure 16.9. Corrected fluorescence emission spectra of tyrosine in
0.009 and 2 M acetate solutions at pH = 6.05. The difference spectrum
with a maximum near 340 nm is due to tyrosinate. Revised from [42].
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more easily seen in the peak-normalized emission spectra
(Figure 16.9). In 2.0 M acetate tyrosine displays the usual
emission maximum slightly above 300 nm. However, there
is also increased intensity at 340 nm. This component is
shown in the difference emission spectrum that displays a
maximum near 345 nm. The important point is that the phe-
nolic group of tyrosine can ionize even at neutral pH, and
the extent to which this occurs depends on the base concen-
tration and exposure of tyrosine to the aqueous phase.

In the example shown in Figure 16.9, tyrosinate was
formed in the excited state, following excitation of un-ion-
ized tyrosine. More complex behavior is also possible. The
extent of excited-state ionization is limited by the short
decay time of tyrosine and occurs to a limited extent under
most conditions. Tyrosine can form a ground-state complex
with weak bases.*647 In these complexes the hydroxyl
group is not ionized, but is prepared to ionize immediately
upon excitation. Quenching of tyrosine by phosphate and
other bases can thus proceed by both static complex forma-
tion and by a collisional Stern-Volmer process.*—47

16.1.4. Tyrosinate Emission from Proteins

Tyrosinate emission has been reported for a number of pro-
teins that lack tryptophan residues.*3-52 Several examples
are shown in Figure 16.10. Crambin contains two tyrosine
residues that emit from the un-ionized state. Purothionines
are toxic cationic proteins isolated from wheat. o.;- and B-
purothionin have molecular weights near 5000 daltons and
do not contain tryptophan. The emission spectrum of -
purothionin is almost completely due to the ionized tyrosi-
nate residue, and the emission from o ,-purothionin shows
emission from both tyrosine and tyrosinate. The emission
from cytotoxin II, when excited at 275 nm, shows contribu-
tions from both the ionized and un-ionized forms of tyro-
sine. For three proteins the tyrosinate emission is thought to
form in the excited state, but may be facilitated by nearby
proton acceptor side chains. Examination of the emission
spectra in Figure 16.10 shows that tyrosinate emission can
appear similar to and be mistaken for tryptophan emission,
or conversely that tryptophan contamination in a sample
can be mistaken for tyrosinate emission.

16.2. GENERAL FEATURES OF
PROTEIN FLUORESCENCE

The general features of protein fluorescence have been
described in several reviews.’3-5¢ Most proteins contain



536

1 0 FXex=280nm

\{:mmbin
~

~
1 [l - |

INTENSITY (a.u.)

FLUORESCENCE

1 1 1
300 350 400
WAVELENGTH (nm)

Figure 16.10. Emission spectra of proteins that lack tryptophan
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multiple tryptophan residues, and the residues contribute
unequally to the total emission. There have been attempts to
divide proteins into classes based on their emission spec-
tra.5¢-9 The basic idea is that the tryptophan emission spec-
trum should reflect the average environment of the trypto-
phan. For tryptophan in a completely apolar environment a
blue-shifted structured emission characteristic of indole in
cyclohexane can be observed. As the tryptophan residue
becomes hydrogen bonded or exposed to water, the emis-
sion shifts to longer wavelengths (Figure 16.11). In fact,
individual proteins are known that display this wide range
of emission spectra.®-6! For example, later in this chapter
we will see that azurin displays an emission spectrum char-
acteristic of a completely shielded tryptophan residue. The
emission from adrenocorticotropin hormone (ACTH) is
characteristic of a fully exposed tryptophan residue.

The emission maximum and quantum yield of trypto-
phan can vary greatly between proteins. Denaturation of
proteins results in similar emission spectra and quantum
yields for the unfolded proteins. Hence, the variations in
tryptophan emission are due to the structure of the protein.
We are not yet able to predict the spectral properties of pro-
teins using the known structures, but some efforts are
underway.®! One might expect that proteins that display a
blue-shifted emission spectrum will have higher quantum
yields (Q) or lifetimes (t). Such behavior is expected from

350
WAVELENGTH (nm)

Figure 16.11. Effect of tryptophan environment on the emission spectra. The emission spectra are those of apoazurin Pfl, ribonuclease T, staphylo-
coccal nuclease, and glucagon, for 1 to 4, respectively. Revised from [59] and [60].
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Figure 16.12. Relationship of the emission maximum of proteins to

the quantum yield Q (top), mean lifetime T (middle), and natural life-

time ty (bottom). Courtesy of Dr. Maurice Eftink, University of
Mississippi.

the usual increase in quantum yield when a fluorophore is
placed in a less polar solvent. For instance, the lifetime of
indole decreases from 7.7 ns in cyclohexane to 4.1 ns in
ethanol.?? However, for single-tryptophan proteins there is
no clear correlation between quantum yields and lifetimes
(Figure 16.12). As described in Chapter 1, the natural life-
time (ty) of a fluorophore is the reciprocal of the radiative
decay rate, which is typically independent of the fluo-
rophore environment. The value of 1ty can be calculated
from the measured lifetime (t) and quantum yield (Q), Ty =
t/Q. Surprisingly, the apparent values of t vary consider-
ably for various proteins. Apparently, the complexity of the
protein environment can override the general effects of
polarity on the lifetime of tryptophan.

Why should the natural lifetimes of proteins be vari-
able? One explanation is that some tryptophan residues are
completely quenched in a multi-tryptophan protein, and
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thus do not contribute to the measured lifetime and the
emission maximum. For instance, indole is known to be
partially quenched by benzene. Hence, indole may be
quenched by nearby phenylalanine residues in proteins. The
nonfluorescent residues still absorb light, and thus result in
highly variable quantum yields for the different proteins.
The residues that are completely quenched will not con-
tribute to the measured lifetime. As a result the apparent
value of the natural lifetime t will be larger than the true
value. The lack of correlation between emission spectra and
lifetimes of proteins is probably due to the effects of specif-
ic protein environments that quench particular tryptophan
residues. One can imagine the proteins to be in slightly dif-
ferent conformations that bring the residue closer or further
from a quenching group. Under these conditions only a
fraction of the protein population would be fluorescent.
This fluorescent fraction would display a longer lifetime
than expected from the quantum yield.

The variability of the lifetimes and quantum yields of
proteins has been a puzzle for the last several decades. The
reasons for this variability are now becoming understood,
but there is no single factor that explains the spectral prop-
erties summarized in Figure 16.12. There are several factors
that determine the emission from tryptophan residues.6>70
These are:

e  quenching by proton transfer from nearby charged
amino groups,

e  quenching by electron acceptors such as protonat-
ed carboxyl groups,

e electron transfer quenching by disulfides and
amides,

e electron transfer quenching by peptide bonds in the
protein backbone, and

e resonance energy transfer among the tryptophan
residues.

These interactions are strongly dependent on distance,
especially the rate of electron transfer, which decreases
exponentially with distance. The extent of electron transfer
quenching can also depend on the location of nearby
charged groups that can stabilize or destabilize the charge
transfer state.%* The rates of electron transfer and resonance
energy transfer can be large, so that some tryptophan resi-
dues can be essentially nonfluorescent. Additionally, a pro-
tein may exist in more than a single conformation, with
each displaying a different quantum yield. Proteins are
known in which specific tryptophan residues are quenched,
and examples where normally fluorescent tryptophan resi-
dues transfer energy to nonfluorescent tryptophan residues
(Chapter 17). In summary, the variability in the quantum
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Figure 16.13. Emission spectra of Pseudomonas fluorescens (ATCC-
13525-2) azurin Pfl. The solid lines show emission spectra for native
(0.01 M cacodylate, pH 5.3) and denatured (6 M GuHCI) azurin Pfl
for A, = 292. Also shown is the emission spectrum of denatured
azurin excited at 275 nm. The dots show the emission spectrum of 3-
methyl-indole in methylcyclohexane. Data from [73].

yields and lifetimes of proteins is due to a number of inter-
actions, all of which depend on the details of the protein
structure.

16.3. TRYPTOPHAN EMISSION IN AN
APOLAR PROTEIN ENVIRONMENT

Interpretation of protein fluorescence is hindered by the
presence of multiple-tryptophan residues in most proteins.
This has resulted in studies of single-tryptophan proteins.
Fluorescence studies of azurins have been uniquely inform-
ative. These are small copper-containing proteins with
molecular weights near 15,000 daltons. These proteins are
involved in the electron transfer system of denitrifying bac-
teria. Some of the azurins contain a single-tryptophan
residue that displays the most blue-shifted emission
observed for a tryptophan residue in proteins.

Emission spectra of the single-tryptophan azurin Pfl
from Pseudomonas fluorescens is shown in Figure 16.13. In
contrast to the emission from most proteins, the emission
spectrum of the wild-type (WT) proteins shows structure
characteristic of the 'L, state.”!-74 In fact, the emission spec-
trum of native azurin is nearly identical with that of the
tryptophan analogue 3-methyl-indole in the nonpolar sol-
vent methylcyclohexane (®). This indicates that the indole
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residue is located in a completely nonpolar region of the
protein, most probably without a polar group for a hydro-
gen bond. These results agree with x-ray studies, which
show the indole group is located in the hydrophobic core of
the protein.”

If the structure of azurin is responsible for the trypto-
phan emission, then disruption of the protein structure
should result in a more typical emission spectrum. In the
presence of 6 M guanidine hydrochloride the tryptophan
emission loses its structure and shifts to 351 nm, character-
istic of a fully exposed tryptophan residue. The emission
spectra of denatured azurin (Figure 16.13) illustrate anoth-
er typical spectral property of proteins. The emission spec-
tra are different for excitation at 275 and 292 nm. For 275-
nm excitation a peak is observed near 300 nm, which is due
to the tyrosine residue(s). The occurrence of tyrosine emis-
sion indicates that resonance energy transfer from tyrosine
to tryptophan is not complete in denatured azurin. In the
native conformation there is no tyrosine emission with 275-
nm excitation. Either the tyrosines are quenched in the
native structure or energy transfer to the tryptophan residue
is highly efficient. For the denatured protein, excitation at
292 nm results in emission from only the tryptophan
residue. These spectra demonstrate the wide range of tryp-
tophan spectral properties that can be observed for proteins,
and show that changes in the emission spectra can be used
to follow protein unfolding.

16.3.1. Site-Directed Mutagenesis of a
Single-Tryptophan Azurin

Molecular biology provides a powerful tool for unraveling
the complexities of protein fluorescence. Site-directed
mutagenesis and expression of mutant proteins allow the
amino-acid sequence of proteins to be altered.’*-77 Amino-
acid residues in the wild-type sequence can be substituted
with different amino acids. Site-directed mutagenesis was
used to determine the effects of amino acids near the tryp-
tophan 48 (W48) on the emission spectra of azurin Pae
from Pseudomonas aeruginosa.’® The three-dimensional
structure of the protein consists of an a-helix plus eight -
strands that form a hydrophobic core, the so called B-barrel
(Figure 16.14). The single-tryptophan residue W48 is locat-
ed in the hydrophobic region. The wild-type protein, with
no changes in the amino-acid sequence, displays the struc-
tured emission characteristic of indole in a nonpolar solvent
(Figure 16.15).
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Figure 16.14. o-Carbon backbone of wild-type azurin from
Pseudomonas aeruginosa. The environment around the single-trypto-
phan residue (W48) was varied by mutating isoleucine (I7) or pheny-
lalanine (F110).

Site-directed mutagenesis of azurin was used to change
amino acids located near the tryptophan residue. A single
amino acid substitution was found to eliminate the struc-
tured emission spectrum of tryptophan. In a mutant protein
the nonpolar amino acid isoleucine (I) at position 7 was
replaced with serine (S). This mutant protein is referred to
as I7S. The amino acid serine contains a hydroxyl group,
which might be expected to form a hydrogen bond to indole
and thus mimic ethanol in cyclohexane (Figure 16.5). This
single amino acid substitution resulted in a complete loss of
the structured emission (Figure 16.15). The emission max-
imum is still rather blue shifted (A, = 313 nm), reflecting
the predominantly nonpolar character of the indole environ-
ment. The emission of tryptophan 48 was also found to be
sensitive to substitution of the phenylalanine residue at
position 110 by serine (F110S, Figure 16.15). These studies
demonstrate that just a single hydrogen bond can eliminate
the structured emission of indole, and that the emission
spectra of indole are sensitive to small changes in the local
environment.
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Figure 16.15. Corrected steady-state fluorescence spectra of
holoazurin Pae: WT (solid), I7S (dotted), F110S (dashed). Data were
collected at 298°K in 20 mM Hepes buffer at pH 8.0. The excitation
wavelength was 285 nm. Reprinted with permission from [79].
Copyright © 1987, American Chemical Society.

16.3.2. Emission Spectra of Azurins with One or
Two Tryptophan Residues

The azurins also provide examples of single-tryptophan
proteins with the tryptophan residues located in different
regions of the protein.” Azurins isolated from different
microorganisms have somewhat different sequences.
Azurin Pae has a single buried tryptophan residue at posi-
tion 48. Azurin Afe has a single tryptophan on the surface
at position 118, and azurin Ade has tryptophan residues at
both positions 48 and 118. Each of these azurins displays
distinct emission spectra (Figure 16.16). The emission of
the buried residue W48 is blue shifted, and the emission of
the exposed residue W118 displays a red-shifted featureless
spectrum. The emission spectrum of azurin Ade with both
residues is wider and shows emission from each type of
tryptophan residue. Hence, a wide range of environments
can exist within a single protein.

16.4. ENERGY TRANSFER AND INTRINSIC
PROTEIN FLUORESCENCE

Resonance energy transfer can occur between the aromatic
amino acids in proteins. Transfer is likely to occur because
of spectral overlap of the absorption and emission spectra
of phe, trp, and trp (Figure 16.1). The local concentrations
of these residues in proteins can be quite large. Consider a
typical globular protein with a molecular weight near
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Figure 16.16. Fluorescence spectra of apo Pae azurin, apo Ade azurin,
apo Afe azurin. The fluorescence spectra of the holoproteins only dif-
fer from that of the apoproteins in that they have a reduced intensity.
Data reprinted with permission from [79]. Copyright © 1987, Ameri-
can Chemical Society.

50,000 daltons. Such a protein contains approximately 450
amino-acid residues (about 110 daltons per amino-acid
residue), about 10 of which will be one of the aromatic
amino acids. Using a typical density of proteins near 1.4
g/ml, one can calculate a protein radius near 24 A. The con-
centration of aromatic amino acids in this protein is near
0.28 M = 280 mM.

Typical Forster distances (R,;) and characteristic con-
centration values (A,) for energy transfer between the aro-
matic amino acids are listed in Table 16.1. These values
illustrate the range of distances and concentrations typical
of RET between the fluorescent amino acids. For any given
donor—acceptor pair the actual distances will depend on the
quantum yield and emission spectrum of the donor, which
can vary in different protein environments. Absorption
spectra are typically less sensitive to the environment, so
the emission spectrum and quantum yield of the donor are
the dominant origin of the range of R, values. From the val-
ues in Table 16.1 it is evident that RET can be expected
between the aromatic amino acids in proteins.

The Forster distance for tryptophan-to-tryptophan
homotransfer is particularly variable. This is because the
extent of spectral overlap is strongly dependent on solvent
polarity. In polar solvents the emission spectrum of trypto-
phan is shifted away from the absorption spectrum and the
Forster distances are smaller. For instance, for the fully
exposed tryptophan residues in melittin the Forster distance
was estimated to be just 4 A.80-81 At low temperature in vis-
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Table 16.1. Forster Distances and Critical Concentrations
for Resonance Energy Transfer in Proteins

Donor Acceptor R, (A) Ay, M) Ref.
Phe Tyr 11.5-13.5 0.29-0.18 82-84
Tyr Tyr 9-16 0.61-0.11 12,13
Tyr Trp 9-18 0.61-0.08 12, 85-88
Trp Trp 4-16 7.0-0.11 12, 89

“The critical concentration (A,) in moles/liter can be calculated from A,
= 447/R3, where R, is in A. See Chapter 13.

cous solvent, where the Stokes shift was smaller, the R,
value for tryptophan homotransfer!2 was found to be as
large as 16 A. Hence trp-to-trp transfer can be expected in
proteins, particularly if some of the residues display a blue-
shifted emission.

16.4.1. Tyrosine to Tryptophan Energy Transfer in
Interferon-y

The most commonly observed resonance energy transfer in
proteins is from tyrosine to tryptophan. This is because
most proteins contain both of these amino acids, and both
are readily excited at 275 nm. One example of tyr-to-trp
transfer is human interferon-y, whose emission spectrum
depends on the extent of self-association. Interferon-y is
produced by activated lymphocytes and displays antiviral
and immunoregulator activity. Its activity depends on the
extent of association to dimers. The intrinsic fluorescence
of interferon-y was used to study its dissociation into
monomers.

Interferon-y is usually a dimer of two identical 17, kDa
polypeptides, each containing one tryptophan residue at
position 36 and four tyrosine residues (Figure 16.17).90 The
emission spectrum of the interferon-y dimer (Figure 16.18,
top) displays emission from both tyrosine and tryptophan
when excited at 270 nm. Only tryptophan emission is seen
for 295-nm excitation. To compare the relative intensities of
tyrosine and tryptophan the spectra were normalized at long
emission wavelengths where only tryptophan emits, fol-
lowed by subtraction of the spectrum with 295-nm excita-
tion from the spectrum with 270-nm excitation. This differ-
ence spectrum is seen to be that expected for tyrosine.
When incubated under the appropriate conditions, interfer-
on-y dissociates into monomers. The relative intensity of
the tyrosine increases in the monomeric state (Figure 16.18,
lower panel). In the monomeric state the relative tyrosine
intensity is about half that of tryptophan. In the dimer the
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Figure 16.18. Emission spectra of human recombinant interferon-y
(hrIFN-y), 10 mM tris, pH 7.7. Revised from [90].

relative tyrosine intensity is about 20%. The relative in-
crease in tyrosine fluorescence in the monomeric state
occurs because the four tyrosines are more distant from the
tryptophan acceptors that are on the dissociated subunit.
This result shows that RET can occur between the subunits;
otherwise, the extent of tyr-to-trp energy transfer would be
independent of association.

16.4.2. Quantitation of RET Efficiencies in
Proteins

In the previous paragraph we explained the emission spec-
tra of interferon-y in terms of energy transfer, but we did not
consider the effect of dimer dissociation on the fluores-
cence intensity of the tryptophan residue. In fact, the tryp-
tophan emission intensity decreases approximately twofold

FRACTIONAL ABSORBANCE

280
WAVELENGTH ( nm)

260

Figure 16.19. Fractional absorption of tyrosine, tryptophan and
phenylalanine in a mixture of amino acids. The molar ratio of Tyr:Trp:
Phe (Y:W:P) are 1:1:1 (solid) and 2:1:1 (dashed). Revised from [85].

on dissociation.”® Fortunately, there is a means to measure
the efficiency of tyrosine-to-tryptophan energy transfer that
is independent of the tryptophan quantum yield. This ap-
proach depends on the relative absorbance of the aromatic
amino acids at various wavelengths®> (Figure 16.19). The
fraction of total absorbance due to each type of amino acid
can be calculated from the extinction coefficients in Figure
16.1. Above 295 nm only tryptophan absorbs, and its frac-
tional absorbance is 1.0. This is the basis for selective exci-
tation of tryptophan for wavelengths of 295 nm and longer.
As the wavelength decreases the fractional absorption of
tryptophan decreases and the fractional absorption of tyro-
sine increases. At a higher relative concentration of tyrosine
its fractional absorbance is larger.

The extent of tyr-to-trp energy transfer can be found by
measuring the relative tryptophan quantum yield for various
excitation wavelengths. The relative quantum yield is deter-
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mined from the intensity observed with a given excitation
wavelength, divided by the absorbance at the excitation
wavelength. If energy transfer is 100% efficient, then the
tryptophan emits irrespective of whether tyrosine or trypto-
phan is excited. In this case the relative quantum yield Q(A)
is independent of excitation wavelength. If there is no tyr-
to-trp energy transfer then the relative tryptophan quantum
yield decreases at shorter wavelengths. This decrease
occurs because light absorbed by the tyrosine does not
result in emission from the tryptophan. This can be under-
stood by recognizing that the absorbance is below 290 nm
due to both tyrosine and tryptophan. In the absence of ener-
gy transfer only absorption by tryptophan results in trypto-
phan emission.

The fractional absorbance of each type of amino acid
can be calculated from the absorbance due to each amino
acid. The fractional absorbance due to tryptophan is given
as follows:

Ayp(A)

—_— 16.1
au(%) + agr(%) (e

Jon(X) =

where €,()) is the absorbance of the individual residues at
wavelength A. For simplicity we deleted from this expres-
sion the minor term due to absorption by phenylalanine.
Figure 16.19 shows that only tryptophan absorbs at wave-
lengths longer than 295 nm. The relative quantum yield at
295-nm excitation is taken as a reference point at which all
the light is absorbed by tryptophan. The fluorescence is
monitored at 350 nm or longer to avoid tyrosine emission.
The relative quantum yield at any excitation wavelength is
given by

ayp(M) + Eay, (L)
Ayp(A) + ay(R)

o) = (16.2)

If E is 100% then the relative quantum yield of tryptophan
fluorescence is independent of excitation wavelength. If £
is zero then the relative quantum yield is given by the frac-
tional absorption due to tryptophan.

Equation 16.1 is written in terms of absorbance due to
each type of residues. If the number of tyrosine and trypto-
phan residues is known the fractional absorbance of trypto-
phan can be approximated from

ngtrp(x‘)
negp(r) + meg(h)

Jop(A) = (16.3)
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Figure 16.20. Excitation wavelength dependence of the relative quan-
tum yield of the dipeptide tryptophanyltyrosine and an equimolar mix-
ture of tyrosine and tryptophan. The lines correspond to transfer effi-
ciencies of 0, 50, and 100%. Reprinted with permission from [85].
Copyright © 1969, American Chemical Society.

where ¢,()) are the extinction coefficients, n is the number
of tryptophan residues per protein, and m is the number of
tyrosine residues per protein. This expression can be slight-
ly in error due to shifts in the absorption of the residues in
different environments.

The use of the relative quantum yield to determine the
energy transfer efficiency is illustrated by data for a dipep-
tide—tyr—trp—and for an equimolar mixture of tyrosine
and tryptophan (Figure 16.20). In the dipeptide the donor
and acceptor are well within the Forster distance and the
transfer efficiency is expected to be near 100%. This predic-
tion is confirmed by the independence of the tryptophan
quantum yield from the excitation wavelength. All the ener-
gy absorbed by tyrosine or tryptophan appears as trypto-
phan fluorescence. For the mixture of unlinked tyrosine and
tryptophan the relative quantum yield closely follows the
fractional absorbance due to tryptophan (£ = 0), indicating
the absence of significant energy transfer.

Such data can be used to estimate the efficiency of
tyrosine—tryptophan energy transfer in proteins. The excita-
tion wavelength-dependent tryptophan quantum yields are
shown for interferon-y in Figure 16.21. These values are
measured relative to the quantum yield at 295 nm, where
only tryptophan absorbs. The relative quantum yield
decreases with shorter excitation wavelengths in both the
monomeric and dimeric states. The quenching efficiency
(E) is estimated by comparison with curves calculated for
various transfer efficiencies. Using this approach the trans-
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Figure 16.21. Wavelength-dependence of the relative quantum yield
Q(\) of 1 uM hrIFN-y in the monomer and dimer states. All theoret-
ical and experimental data are normalized to absorbance at 295 nm.
Revised and reprinted with permission from [90]. Copyright © 1996,
American Chemical Society.

fer efficiency is estimated to be 20 and 60% in the monomer
and dimer, respectively. The decrease in relative quantum
yield is less in the dimeric state, indicating more efficient
tyr-to-trp energy transfer in the dimer. This implies that the
tyrosine residues in one subunit transfer to the tryptophan
residue in the other subunit. The larger decrease in relative
quantum yield for the monomer at 270 nm can be under-
stood as due to the lower transfer efficiency, so that fewer
of the photons absorbed by tyrosine appear as tryptophan
emission.

16.4.3. Tyrosine-to-Tryptophan RET in a
Membrane-Bound Protein

Tyrosine-to-tryptophan RET was used to study folding of
the M13 procoat protein when bound to membranes. The
final M13 coat protein is inserted into the inner membrane
of E. coli prior to assembly of the M13 phage particle. The
procoat protein is thought to form two closely spaced a-
helices when bound to membranes (Figure 16.22). In order
to use tyr-to-trp RET the two natural tyrosine residues and
one tryptophan residue were mutated to phenylalanines. Tyr
and trp were then inserted at desired locations in the
sequence near the ends of the o-helical segments. The
residues are numbered relative to a residue above the left-
hand helix, which is taken as zero.
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Figure 16.22. Schematic structure of membrane-bound M13 procoat
protein. The numbers refer to the positions in the sequence related to
residue O near the top of the left-side helix. Reprinted with permission
from [91]. Copyright © 2001, American Chemical Society.

Emission spectra of three mutants are shown in Figure
16.23 for excitation at 280 and 295 nm.%! In the W21Y24
mutant, where the tyrosine and tryptophan are located only
three residues apart, there is no detectable tyrosine emis-
sion. For the W21Y(-15) mutant a tyrosine component is
seen on the short-wavelength side of the tryptophan emis-
sion. The W39Y(-15) mutant shows a smaller tyrosine com-
ponent.

It is difficult to use the emission spectra to determine
the tyr-to-trp RET efficiencies. The RET efficiencies were
determined from the excitation spectra (Figure 16.24).
These spectra (top panel) show higher amplitude at 280 nm
for the peptide that showed the lowest tyrosine emission
(W21Y24), and a lower intensity for 280-nm excitation for
the W21Y(-15) mutant. The transfer efficiencies can be
determined by comparison with normalized intensities
(lower panel). These results show the RET efficiency varies
from O to 100% depending on the location of the tyrosine
and tryptophan residues. The results of this analysis are
shown in Figure 16.25. The 0% transfer efficiency for
W21Y(-15) and the 50% transfer efficiency for W39Y(-15)
shows that this protein binds to membranes as a pair of
helices. Otherwise there would have been less efficient
transfer between W39 and Y(-15).

16.4.4. Phenylalanine to Tyrosine Energy Transfer

Resonance energy transfer can also occur from phenylala-
nine to tyrosine. Such transfer is rarely reported because
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Figure 16.23. Emission spectra of the M 13 procoat protein. The posi-
tions of the tyrosine and tryptophan residues are shown on the figure.
Excitation at 280 (dashed) or 295 nm (dotted). The difference spectra
are shown as solid lines. Revised from [91].

tyrosine and tryptophan dominate the emission of most pro-
teins, and proteins are usually not excited at 260 nm where
phenylalanine absorbs. Phenylalanine emission was detect-
ed from an unusual histone-like protein, HTa, from the ther-
mophilic archaebacterium Thermoplasma acidophilum.8?
HTa associates strongly with DNA to protect it from ther-
mal degradation. This highly unusual protein is a tetramer,
with five phenylalanine residues and one tyrosine residue in
each monomer, and no tryptophan residues (Figure 16.26).
In this class of organisms the more thermophilic variants
have higher phenylalanine contents in their histone-like
proteins. An experimentally useful property of this protein
is the ability to remove the tyrosine residues, located at the
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Figure 16.24. Excitation spectra of mutant M 13 procoat proteins. The
lower panel shows the quantum yields normalized according to eq.
16.2. Revised from [91].

third position from the carboxy terminus, by digestion with
carboxypeptidase A.

The emission spectrum of HTa excited at 252 nm is
shown in Figure 16.26 (solid, top panel). The emission

Figure 16.25. Structure and RET efficiencies for the mutant M 13 pro-
coat proteins. Data reprinted with permission from [91]. Copyright ©
2001, American Chemical Society.
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Figure 16.26. Top: Emission spectra of archaebacterial histone-like
protein (HTa) excited at 252 nm (solid). Also shown are the emission
spectra of equivalent concentrations of phenylalanine (dashed) or
tyrosine (dotted). Bottom: Emission of HTa following removal of the
tyrosine by carboxypeptidase A digestion. Revised from [82].

appears to be similar to that of tyrosine with an emission
maximum near 300 nm. However, the spectrum also shows
a shoulder at 280 nm that is too blue-shifted to be due to
tyrosine. The origin of the dual emission was determined by
a comparison with the emission from tyrosine (dotted) and
phenylalanine (dashed) at equivalent concentrations. These
spectra show that the emission spectrum of HTa is due to
contributions from both the phe and tyr residues. Assign-
ment of the 280-nm emission to phenylalanine was also
accomplished by removal of the tyrosine residue by diges-
tion with carboxypeptidase A. This emission spectrum (Fig-
ure 16.23, lower panel) is identical to that found for pheny-
lalanine, identifying the emission at 280 nm as due to
phenylalanine.

The presence of phe-to-tyr energy transfer in HTa was
detected from the excitation spectra. Figure 16.27 shows
the corrected excitation spectrum of HTa, which was super-
imposed on the absorption spectra of tyrosine alone and a
5-to-1 mixture of phenylalanine and tyrosine. The emission
was measured at 330 nm, where only tyrosine emits. If
there were no phe-to-tyr energy transfer the excitation spec-
trum would be the same as the absorption spectrum of tyro-
sine. If phe-to-tyr RET was 100% efficient then the excita-
tion spectrum would be the same as the 5-to-1 phe-tyr mix-
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Figure 16.27. Corrected fluorescence excitation spectrum of HTa
superimposed upon the ultraviolet absorbance spectra of a mixture of
phenylalanine and tyrosine (5 to 1) or of tyrosine alone. Fluorescence
emission was measured at 330 nm. Revised from [82].

ture. Hence the transfer efficiency is near 50%. Given R, =
13.5 A for phe-to-tyr energy transfer,s2 and the diameter
expected for a protein with a molecular weight of 9934 dal-
tons, which is near 28 A, it is not surprising that phenylala-
nine fluorescence is partially quenched in HTa. While most
proteins are larger, they may also contain multiple pheny-
lalanine and tyrosine residues. Phenylalanine-to-tyrosine
energy transfer is probably a common occurrence in pro-
teins when excited at 260 nm.

Removal of tyrosine from HTa provided a protein with-
out tyrosine or tryptophan and an opportunity to study the
emission of phenylalanine in a protein. The lifetime of
phenylalanine was near 22 ns, which is considerably longer
than the 2- to 5-ns values typical of tyrosine and tryptophan.
This lifetime of 22 ns is comparable to a measured value of
20 ns for a constrained analogue of phenylalanine.®? In HTa
and in the presence of tyrosine the lifetime of phenylalanine
is decreased to near 12 ns. This value is consistent with 50%
energy transfer from phenylalanine to tyrosine. It is inter-
esting to notice that the 12-ns decay time is observed at all
emission wavelengths, even those where only tyrosine is
expected to emit.82 Such long decay times are unlikely for
directly excited tyrosine. In this protein the excited pheny-
lalanines continue to transfer to tyrosine during their decay,
resulting in an apparent 12-ns tyrosine lifetime. This phe-
nomenon was described in Chapter 7 on excited-state reac-
tions.

16.5. CALCIUM BINDING TO CALMODULIN
USING PHENYLALANINE AND TYROSINE
EMISSION

Calmodulin functions as a calcium sensor in all vertebrate
cells and regulates a large number of target enzymes. Cal-
modulin consists of a single polypeptide chain folded into
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Figure 16.28. Ribbon structure for rat calmodulin saturated with cal-
cium. The phenylalanine residues are shown in red and the tyrosine
residues in green. Figure from [94] provided by Dr. Madeline A. Shea
from the University of Iowa.

two domains connected by a flexible a-helical linker (Fig-
ure 16.28). Each domain contains two calcium-binding sites
(I-IV). Most calmodulins lack tryptophan residues. Rat
calmodulin contains five phenylalanines in the N-terminal
domain (N) and three in the C domain, which also contains
two tyrosine residues. When calmodulin is excited at 250
nm, in the absence of calcium, emission from both phe and
tyr is observed (Figure 16.29, bottom panel). This emission
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Figure 16.29. Emission spectra for excitation at 250 nm. Top: phe or
tyr. Middle and bottom: rat calmodulin (CaM) with and without calci-
um. The numbers indicate the amino-acid residues in the calmodulin
fragments. Revised from [94].
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spectrum shows components similar to that observed for a
mixture of these two amino acids (top panel). Addition of
calcium to calmodulin (1-145) results in disappearance of
the phe emission and an increase in the tyr emission.?>%4 At
first glance it appears that energy transfer is increased in the
presence of calcium, which is expected to decrease the phe
emission and increase the tyr emission. However, an
increase in RET was not expected because calmodulin is
more elongated in the presence of calcium than in the
absence of calcium. The middle panel shows studies of the
individual domain. The N domain consisting of residues
1-75 shows only phe emission, which is quenched upon
addition of calcium. The C domain consists of residues
76—145 and showed an increase in tyrosine emission upon
binding calcium but no phe emission. Hence the intensity
changes seen for the entire molecule CaM 1-145 are prob-
ably not due to changes in RET. This is not a disappoint-
ment, but in fact an advantage, because calcium binding to
each domain can be studied independently using the intrin-
sic phe and tyr emission of calmodulin.

16.6. QUENCHING OF TRYPTOPHAN RESIDUES
IN PROTEINS

Collisional quenching of proteins is used to determine the
extent of tryptophan exposure to the aqueous phase.%-102
The basic idea is shown in Figure 16.30, which depicts
quenching by a water-soluble quencher that does not easily
penetrate the protein matrix. Collisional quenching is
essentially a contact phenomenon, so that the fluorophore
and quencher need to be in molecular contact for quenching
to occur. Consequently, if the tryptophan residue is buried
inside the protein (W,), quenching is not expected to occur.
If the tryptophan residue is on the protein surface (W,), then
quenching is expected.

One example of selective quenching is shown for
apoazurin Ade, which is azurin lacking copper. Apoazurin
Ade has two tryptophan residues: one surface residue and
one buried residue.!%! The emission spectra of this protein,
along with those of its single-tryptophan variants, are
shown in Figure 16.16. For our present purposes the prop-
erties of the protein with or without (apo) copper are the
same.

Emission spectra were recorded in the absence and
presence of 0.45 M iodide, which is a collisional quencher
(Figure 16.31). The intensity decreases in the presence of
iodide. The emission spectrum changes in the presence of
iodide, and resembles the structured emission seen from the



PRINCIPLES OF FLUORESCENCE SPECTROSCOPY

Intensity

Intensity

[Q]

547

Intensity

Intensity

[al

Figure 16.30. Collisional quenching of buried (W) and surface accessible (W,) tryptophan residues in proteins.

single-tryptophan azurin Pae. The spectrum of the
quenched tryptophan residue can be seen from the differ-
ence spectrum, and is characteristic of an exposed residue
in a partially hydrophobic environment. In this favorable
case, one residue is quenched and the other is not, provid-
ing resolution of the two emission spectra.

16.6.1. Effect of Emission Maximum on Quenching

Water-soluble quenchers, including iodide and acrylamide,
do not readily penetrate the hydrophobic regions of pro-
teins. There is a strong correlation between the emission
maximum and quenching constant.!01-102 Blue-shifted tryp-
tophan residues are mostly inaccessible to quenching by
acrylamide, and red-shifted residues are nearly as accessi-
ble as tryptophan in water. This correlation can be seen in
the acrylamide quenching of several proteins (Figure

16.32). The emission of azurin is essentially unchanged in
up to 0.8 M acrylamide. In contrast, the exposed tryptophan
residue in adrenocorticotropin hormone (ACTH) is almost
completely quenched at 0.4 M acrylamide (Figure 16.32,
left panel).

Quenching data are typically presented as Stern-
Volmer plots, which are shown for several single-trypto-
phan proteins (Figure 16.32, right panel). In these plots the
larger slopes indicate larger amounts of quenching and can
be used to calculate the bimolecular quenching constant
(ky)- The buried single-tryptophan residue in azurin Pae is
not affected by acrylamide. In contrast, the fully exposed
residue in ACTH is easily quenched by acrylamide. ACTH
is quenched nearly as effectively as NATA. A plot of the
bimolecular quenching constant (k,) for acrylamide versus
emission maximum for a group of single-tryptophan pro-
teins is shown in Figure 16.33. These data show that kg
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Figure 16.31. Fluorescence emission spectra of apoazurin Ade from
Alcaligenes denitrificans in the absence (top curve) and presence (bot-
tom curve) of 0.45 M KI. The middle line is the difference spectrum
(DS) and is due to the easily quenched emission (presumably from
Trp-118). The buffer was 0.05 M sodium acetate, pH 5.0. Revised
from [101].

varies from almost completely inaccessible for azurin and
asparaginase to completely accessible for glucagon.
Glucagon is a relatively small peptide with 29 amino acids
that opposes the action of insulin. Glucagon has a random
structure in solution.!03-105 Hence, there is little opportunity
for the protein to shield the single trp-25 residue from acry-
lamide quenching.

The extent of collisional quenching can also be
dependent on protein conformation and/or the extent of
subunit association. This effect has been observed for melit-
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Figure 16.33. Dependence of the apparent acrylamide bimolecular
quenching constant (ky) on the emission maximum for single-trypto-
phan proteins: 1, glucagon; 2, adrenocorticotropin; 3, melittin
monomer; 4, melittin tetramer; 5, gonadotropin; 6, phospholipase A,;
7, human luteinizing hormone; 8,9, monellin; 10, gonadotropin; 11,
human serum albumin, N form; 12, human serum albumin, F form;
13, myelin basic protein; 14, elongation factor Tu-GDP; 15, nuclease;
16, fd phage; 17, ribonuclease T,; 18, parvalbumin; 19, calcium-
depleted parvalbumin; 20, asparaginase; 21, apoazurin Pae; 22,
mastopartan X. Revised from [101].

tin, which is a small peptide of 26 amino acids containing a
single-tryptophan residue at position 19. Depending on
ionic strength, melittin can exist as a monomer or tetramer.
In the tetramer, the four tryptophan residues, one per mono-
mer, are located in a hydrophobic pocket between the he-
lices.1%¢ The tryptophan residues in melittin are more easily
quenched when melittin is in the monomer state (Figure
16.33).

Acrylamide and iodide are polar molecules, and do not
readily penetrate the nonpolar regions of proteins. Howev-
er, small nonpolar oxygen molecules readily penetrate all

>
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Figure 16.32. Acrylamide quenching of representative single-tryptophan proteins and NATA. Left: intensity versus acrylamide concentration. Right:

Stern-Volmer plots. Data from [80], [86], and [99].
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Figure 16.34. Correlation of emission maxima of multi-tryptophan

proteins with the oxygen bimolecular quenching constants. Data from
[107].

regions of proteins. The oxygen bimolecular quenching
constants for a number of proteins show weaker correlation
with the emission maxima (Figure 16.34). It is known from
the x-ray structures of proteins that the interiors are dense-
ly packed, similar to crystals of organic molecules, so that
there is little room for oxygen within the center of most pro-
teins. Surprisingly, the bimolecular quenching constants for
oxygen are 20 to 50% of the value for tryptophan in water
(near 1 x 1010 M-! s-1). These results indicate that proteins
undergo rapid structural fluctuations that allow the oxygen

C &

&
~L

h S

Figure 16.35. Ribbon structure of horse myoglobin showing the loca-
tion of tryptophans 7 and 14. The letters denote the helices.
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molecules to penetrate during the ns excited-state life-
time.107-199 Structural fluctuations on the ns timescale are
consistent with the anisotropy decays of most proteins,
which typically show ns or subnanosecond compo-
nents.!10-111 Acrylamide and iodide are less effective
quenchers than oxygen because it is energetically unfavor-
able for them to enter nonpolar regions of proteins. Also,
acrylamide is larger than oxygen or iodide, which also plays
a role in its more selective quenching.

16.6.2. Fractional Accessibility to Quenching in
Multi-Tryptophan Proteins

The selective quenching of surface tryptophan residues sug-
gests the use of quenching to resolve the contributions of
surface and buried tryptophans to the total fluorescence of
a protein.!12-113 One example is apomyoglobin, which con-
tains two tryptophan residues (Figure 16.35). Apomyoglo-
bin refers to myoglobin without the heme group, which
quenches tryptophan fluorescence by RET. In this protein
W7 appears to be exposed to the aqueous phase, and W14
appears to be buried among the helices. The Stern-Volmer
plots for quenching by iodide or trichloroethanol (TCE)
both show downward curvature, indicating that some frac-
tion of the total emission may be inaccessible to quenching
(Figure 16.36).

The fraction of accessible fluorescence (f,) can be
obtained from a modified Stern-Volmer plot, in which
Fy/AF is plotted versus reciprocal quencher concentration
(Section 8.8). The y-intercept represents extrapolation to
infinite quencher concentration. Complete quenching is
expected for an accessible fluorophore, so the extrapolated
value of Fy/AF is unity. If a portion of the fluorescence is
not accessible, AF is smaller than F|,, and the intercept (f,!)
is greater than unity. Figure 16.36 shows an intercept near
2, so that about half of the total fluorescence is assessable
to quenching.

The fractional accessibility to quenchers can be meas-
ured for each emission wavelength (Figure 16.37, lower
panel). The fractional accessibility is higher on the long-
wavelength side of the emission spectrum. These fractions,
when multiplied by the total intensity at each wavelength,
yield the emission spectra of the quenched and unquenched
components from apomyoglobin (top panel). The higher
accessibility at longer wavelengths results in a red-shifted
spectrum for the accessible fraction. It seems probable that
the accessible and inaccessible components are from W7
and W14, respectively.
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Figure 16.36. Stern-Volmer and modified Stern-Volmer plots for
apomyoglobin quenching by iodide or trichloroethanol (TCE). The
data in the upper panel was reconstructed from the data in the lower
panel. Data from [113].

16.6.3. Resolution of Emission Spectra by
Quenching

Selective quenching of tryptophan residues allows resolu-
tion of the emission spectra of the quenched and un-
quenched components. For apomyoglobin we assumed that
some fraction of the emission was completely inaccessible
to quenching. A more general procedure allows the emis-
sion spectra to be resolved even when both residues are par-
tially accessible to quenching.!'4-116 The basic approach is
to perform a least-squares fit to the quenching data to recov-
er the quenching constant and fractional intensity at each
wavelength (A):
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Figure 16.37. Emission spectra of apomyoglobin and of the accessi-
ble and inaccessible components. The lower panel shows the wave-
length-dependent fractional accessibility to quenching. Revised from
[113].

In this expression the values of f(A) represent the fraction
of the total emission quenchable at wavelength A with a
value K,(A) (Section 8.8).

This procedure was applied to a metalloprotease from
S. aureus that contains two tryptophan residues.!!¢ For all
emission wavelengths the Stern-Volmer plot is curved due
to the different accessibilities of each residue (Figure
16.38). The data are fit by least-squares methods to obtain
the values of K(A) and f;(A). Similar data are collected for a
range of emission wavelengths. These data can be used to
calculate the emission spectra of each component:

F(}) = Fy(M)fi(r) (16.5)
where F,(A) is the unquenched emission spectrum. For met-
alloprotease this procedure yielded two well-resolved emis-
sion spectra (Figure 16.39).

The use of quenching-resolved spectra may not always
be successful. One possible reason for failure would be if a
tryptophan residue was not in a unique environment. In this
case each tryptophan residue may display more than one
emission spectrum, each of which would be quenched to a
different extent. Quenching-resolved spectra have been
obtained for proteins that contain a single-tryptophan resi-
due.!16-117 These results have been interpreted as due to the
protein being present in more than a single conformational
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Figure 16.38. Stern-Volmer plot for acrylamide quenching of S.
aureus metalloprotease (dotted). Excitation wavelength was 297 nm
and emission was observed at 336 nm. The solid line shows the least-
squares fit with parameters K, = 14.1 M-, K, = 0.52 M1, f; = 0.52,
and f, = 0.48. Revised from [116].

state. A single-tryptophan residue can display a multi-expo-
nential decay, and the decays can depend on wavelength.
Hence, there is no a priori reason to assume the residue is
quenched with the same quenching constants at all emission
wavelengths.

16.7. ASSOCIATION REACTION OF PROTEINS

An important use of intrinsic protein fluorescence is to
study binding interactions of proteins.!!8-120 Such measure-
ments take advantage of the high sensitivity of fluorescence
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Figure 16.39. Resolution of the two tryptophan emission spectra from
S. aureus metalloprotease. O, component with K, = 0.52 M-!; A, com-
ponent with K, = 14.1 M-!; e, steady-state spectrum. Revised from
[116].
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and the ability to perform measurements on dilute protein
solutions. Detection of protein association reactions by flu-
orescence is made possible by the high sensitivity of tryp-
tophan to its local environment. A change in exposure to
solvent or a change in proximity to a quenching group can
often change the emission maximum or quantum yield of
tryptophan residues.

16.7.1. Binding of Calmodulin to a Target Protein

Intrinsic protein fluorescence was used to study binding of
calmodulin to a target protein. The target protein was a pep-
tide fragment from a glutamate receptor. Glutamate is the
dominant neurotransmitter in the human brain. The neu-
ronal receptor peptide (NRP) contains a single-tryptophan
residue. Calmodulin does not contain tryptophan, which
allowed emission from the NRP to be observed selectively
using 297-nm excitation. The intrinsic tryptophan emission
of the NRP was used to study its binding to calmodulin in
the absence and presence of calcium. It is frequently
assumed that calmodulin does not interact with target pro-
teins until it binds calcium. However, the absence of any
interaction in the absence of calcium could result in a slow
cellular response to calcium because of the time needed for
diffusive encounters to occur. Pre-association of target pro-
teins with calmodulin could increase the response speed to
calcium transients.

Emission spectra of the NRP are shown in Figure
16.40. Upon addition of calcium and calmodulin to the
NRP there was an increase in intensity and a blue shift of its
tryptophan emission,'2? showing that calcium-saturated cal-
modulin binds to the NRP (lower left). Surprisingly, there
was also an increase in intensity and blue shift of the NRP
emission with calmodulin in the absence of calcium (upper
left), showing that binding occurs without calcium. This
result indicated that calmodulin pre-associates with the
receptor, presumably to provide a more rapid response to
calcium transients.

If calmodulin binds to the receptor without calcium
then how does calcium trigger the receptor? This question
was partially answered by studies of the N and C domains
of calmodulin. The C domain alone was found to interact
with the NRP in the absence of calcium (Figure 16.40,
upper right). Interaction between the C domain and calmod-
ulin was increased by calcium. The N domain was found to
interact with the NRP only in the presence of calcium (mid-
dle panels). These results suggest that the C domain is
responsible for pre-association and the N domain for signal-
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Figure 16.40. Emission spectra of a neuronal receptor peptide NRP in the presence of calmodulin and the N and C domains of calmodulin. Excitation

was at 297 nm. Revised from [120].

ing. The high sensitivity of tryptophan emission to its local
can provide detailed
protein—protein interactions.

environment information on

16.7.2. Calmodulin: Resolution of the Four
Calcium-Binding Sites Using Tryptophan-
Containing Mutants

Site-directed mutagenesis allows single-tryptophan resi-
dues to be placed at desired locations in the protein. This
approach was applied to calmodulin and resulted in an abil-
ity to detect binding of calcium to each of the four binding
sites. Calmodulin has four binding sites for calcium, but lit-
tle was known about the sequence of binding and possibili-
ty of cooperativity between the four binding sites. Other
studies of calcium binding were not adequate to distinguish
between various models for Ca?* binding. Bulk measure-
ments of binding can reveal only the total amount of bound
calcium and do not indicate the sequence of calcium bind-
ing.

This problem was solved by the creation of single-tryp-
tophan mutants.!2! Calmodulin contains several tyrosine
residues, but it does not contain tryptophan. This allowed
the insertion of tryptophan residues into the sequence to

probe various regions of the protein, and the use of these
residues to probe local regions of the calmodulin structure.
The tryptophan residues were inserted near each of the four
Ca?* binding sites, one trp residue per mutant. The normal-
ized intensity changes for each tryptophan residue are
shown in Figure 16.41. These measurements revealed the
sequence of calcium binding to calmodulin, and revealed
interactions between the various binding sites. Protein engi-
neering and fluorescence spectroscopy can provide detailed
information on the solution behavior of a protein. Similar
tryptophan-containing calmodulin mutants were used to
study binding of peptides to calmodulin.!22

16.7.3. Interactions of DNA with Proteins

Intrinsic protein fluorescence can be used to study binding
of DNA to proteins.!23-129 These studies typically rely on
quenching of intrinsic tryptophan fluorescence by the DNA
bases. One example is the single-stranded DNA binding
protein (SSB) from E. coli (Figure 16.42). This protein is a
member of a class of proteins that bind ssDNA with high
affinity but low specificity. Proteins that destabilize double-
helical DNA are required for DNA replication and repair.
SSB is a homotetramer that binds about 70 nucleotides.
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DNA is tightly packed in chromatin, but DNA replica-
tion occurs rapidly nonetheless. Hence it is of interest to
determine the rates of DNA folding around the SSB. This
can be accomplished using rapid mixing stopped-flow
measurements, while monitoring the intrinsic tryptophan
fluorescence of SSB (Figure 16.43). Upon mixing with
(dT),, there is a rapid decrease in the tryptophan emis-
sion.!28 By studies with various concentrations of DNA and
different lengths of DNA it was possible to determine the
rate constants for initial DNA binding and subsequent fold-
ing of DNA around the protein. The rates of DNA folding
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Figure 16.42. Ribbon structure for the E. coli single-stranded binding
protein (SSB) with a bound 70-mer. Figure from [128] and provided
by Dr. Alexander Kozlov and Dr. T. Lohman, Washington University,
MO.

around the protein were also measured using RET between
DNA oligomers labeled with Cy5 and Cy3 at the 5' and 3'
ends, respectively. These probes were brought into closer
contact when DNA wrapped around SSB (not shown). The
changes in RET and intrinsic protein fluorescence occurred
on the same timescale, indicating that wrapping of DNA
around the protein proceeds very rapidly after binding
occurs.

The intensity changes can be used to determine the
fraction of the total emission that is quenched by DNA. The
Myb oncoprotein is associated with chromatin and appears
to function as a regulator of gene expression. The N-termi-
nal region of this protein, which contains the DNA binding
region, consists of three domains: R,, R,, and R;. The sub-
scripts refer to the domain number, not the number of
domains. Each domain contains three highly conserved
tryptophan residues, which suggests these residues are
involved in binding to DNA.

The intrinsic protein fluorescence of the R,R, fragment
of the Myb oncoprotein is partially quenched by DNA.129
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Figure 16.43. Stopped-flow intrinsic tryptophan emission of SSB
upon mixing with (dT),,. Revised from [128].

This fragment contains six tyr residues, three in each
domain. Addition of a 16-mer results in quenching of the
emission of R,R; and a small blue shift in the emission
(Figure 16.44). The tryptophan intensities were measured
for a number of 16-mer concentrations, and plotted in mod-
ified Stern-Volmer format. Extrapolation to high DNA con-
centrations shows that a fraction of 0.67 of the total intensi-
ty was quenched by DNA. Assuming all the tryptophans
have the same quantum yield, this result indicates that 2 of
the 3 trp residues in each domain are quenched by contact
with DNA.

16.8. SPECTRAL PROPERTIES OF GENETICALLY
ENGINEERED PROTEINS

Interpretation of intrinsic protein fluorescence is complicat-
ed by the presence of multiple-tryptophan residues. When
the intrinsic fluorescence of a multi-tryptophan protein is
first measured it is not known whether all the trp contributes
equally to the emission and the emission maxima of the
emitting residues. Site-directed mutagenesis provides an
approach to determining the spectral properties of each trp
residue. For example, suppose the protein of interest con-
tains two tryptophan residues in the wild-type sequence.
One can attempt to use quenching or time-resolved methods
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Figure 16.44. Emission spectra and modified Stern-Volmer plot for
quenching of the tryptophan emission of the R,R; domain of the Myb
oncoprotein by DNA. Revised from [129].

with the wild-type protein to resolve the emission spectra of
the two residues. However, success requires that the
residues have very different lifetimes or accessibilities to
quenchers. Even if the resolution appears to be successful it
may not reveal interactions between the two residues. That
is, the emission from the wild-type protein may not be the
same as the sum of the emission from the two single-tryp-
tophan mutants.

A powerful approach to resolving the contributions of
each tryptophan, and the interactions between the trypto-
phans, is by examination of the two single-tryptophan
mutants. Each tryptophan residue is replaced in turn by a
similar residue, typically phenylalanine. This approach to
resolving protein fluorescence has been used in many labo-
ratories.!30-137 It is not practical to describe all these results.
Rather, we have chosen a few representative cases. These
examples show simple non-interactive tryptophans and the
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Figure 16.45. Structure of triosephosphate isomerase. Courtesy of Dr.
Hema Balaram from the Jawaharlal Nehru Center for Advanced Sci-
entific Research, India.

more complex cases in which there is trp-to-trp energy
transfer.

16.8.1. Single-Tryptophan Mutants of
Triosephosphate Isomerase

Triosephosphate isomerase (TPI) is a protein that catalyzes
isomerization of dihydroxyacetone phosphate and glycer-
aldehyde phosphate. The enzyme from the malarial parasite
Plasmodium falciparum contains two tryptophan residues,
at positions 11 and 168. The enzyme exists as a homodimer
with each monomer containing W11 and W168 (Figure
16.45). The monomer structure consists of a central 3-sheet
surrounded by a-helices, which is a common structural fea-
ture in this class of enzymes. It is difficult to judge the
degree of exposure of each residue to water. Depending on
the viewing angle, W168 appears to be either exposed to
water (left monomer) or shielded from water (right
monomer).

The contributions of each tryptophan emission to the
total emission of TPI were determined by construction of
the single-tryptophan mutants.!38 In each mutant one of the
tryptophans was replaced with phenylalanine (F). The
W168F mutant contains only W11 and the W11F mutant
contains only W168. Emission spectra of the wild-type and
mutant proteins are shown in Figure 16.46 (top panel). The
emission from W168 is strongly blue shifted with an emis-
sion maximum at 321 nm, and the emission maximum of
W11 is 332 nm. In this example the emission of the wild-
type protein appears to be the sum of the emission from the
two single-tryptophan mutants. This result indicates the
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Figure 16.46. Emission spectra of wild-type triosephosphate iso-
merase and the two single-tryptophan mutants. Revised from [138].

tryptophan residues do not interact with each other. Denat-
uration of the protein in 6 M GuHCl equalized the emission
maxima of both tryptophan residues to 357 nm (lower
panel). The red shifts upon unfolding show that both
residues are shielded from water to some extent in the
native protein structure.

The emission spectra of the TPI mutants showed that
both tryptophans are sensitive to the protein structure, and
that these residues do not interact in the native protein. This
result suggests that each tryptophan residue could be used
to detect the effects of the trp-to-phe mutation on stability
of TPI. Figure 16.47 shows the effects of the denaturant
guanidine hydrochloride (GuHCI) on the emission maxima
of the wild-type TPI and the two single-tryptophan mutants.
The W168F mutant with W11 has the same stability as TPIL.
In contrast, the W11F mutant with W168 denatures more
rapidly in GuHCI, which indicates lower protein stability.
Hence, substitution of W11 with a phenylalanine destabi-
lizes the protein. This is a surprising result because the
emission spectra (Figure 16.46) showed that W168 is buried
more deeply in the protein. One may have expected the
buried residue to contribute more to the protein stability.
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Figure 16.47. Effect of guanidium hydrochloride on the wild-type
triosephosphate isomerase and the two single-tryptophan mutants.
Revised from [138].

16.8.2. Barnase: A Three-Tryptophan Protein

Barnase is an extracellular ribonuclease that is often used as
a model for protein folding. It is a relatively small protein:
110 amino acids, 12.4 kDa. The wild-type protein contains
three tryptophan residues (Figure 16.48), one of which is
located close to histidine 18 (H18). Examination of the
three single-tryptophan mutants of barnase provides an
example of energy transfer between tryptophan residues
and the quenching effects of the nearby histidine.!3°

Figure 16.48. Structure of barnase showing the positions of the three
tryptophan residues and histidine 18.
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Figure 16.49. pH-dependent intensity of the tryptophan emission of
wild-type barnase. Excitation, 295 nm; emission, 340 nm. Revised
and reprinted with permission from [139]. Copyright © 1991,
American Chemical Society.

The emission intensity of wild-type barnase, which
contains all three tryptophan residues, increases nearly
twofold as the pH is increased from 7 to 8.5 (Figure 16.49).
This increase in fluorescence is due to the presence of W94
and the histidine. Only mutants containing both his-18 and
trp-94 showed pH dependent intensities. Tryptophan resi-
dues are known to be quenched by the protonated form of
histidine.!40-141 This is not surprising given the sensitivity of
indole to electron deficient molecules.

Emission spectra of barnase and its mutants at pH 5.5
and 9.4 are shown in Figure 16.50. At first glance these
spectra appear complex. First consider the contribution of
W71. Substitution of W71 with tyrosine (W71Y) has little
effect on the spectra. Hence, W71 is weakly fluorescent. It
appears that weakly fluorescent or nonfluorescent trp
residues is a common occurrence in proteins. Such effects
may contribute to the frequent observation of longer-than-
expected lifetimes of proteins that display low quantum
yields and long apparent natural lifetimes (Figure 16.12).

The effect of H18 is immediately apparent from the
glycine mutant H18G. The intensity at pH 5.5 increases 2.6-
fold over that for the wild-type protein (Figure 16.50), and
the intensity at pH 9.4 increases by about 70%. This result
indicates that both the protonated and neutral forms of his-
tidine quenched W94, but that quenching by the electron-
deficient protonated form present at pH 5.5 is more efficient
quencher.

Surprising results were found when W94 was replaced
with leucine in W94L. The intensity of the protein in-
creased even though the number of tryptophan residues
decreased. These effects were not due to a structural change
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Figure 16.50. Fluorescence emission spectra of the wild-type (WT)
barnase and its mutants in buffer at pH 5.5 (top), where histidine 18 is
protonated and at pH 9.4 where histidine is neutral (bottom). Also
shown are the emission spectra of the single-tryptophan mutants at
these pH values. Revised and reprinted with permission from [139].
Copyright © 1991, American Chemical Society.

in the protein.!3® The increase in intensity upon removal of
W94 is due to energy transfer from the other trp residues to
WO94. Tryptophan 94 serves as an energy trap for the other
trp residues. The emission spectrum of trp94 is red shifted
relative to W35 and W71, as seen in the H18G mutants.
When W94 is removed (W94L), the blue-shifted emission
from the other residues increases since they no longer trans-
fer energy to the quenched residue W94. Examination of
the structure (Figure 16.48) suggests that W94 is located on
the surface of barnase, whereas W71 and W35 appear to be
buried. Tryptophan 94 is red shifted and serves as an accep-
tor for the other two tryptophan residues. Trp-94 is also
quenched by the presence of a nearby histidine residue.
Hence, the overall quantum yield of barnase is strongly
influenced by just one tryptophan residue. These results for
barnase illustrate the complex spectral properties of multi-
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tryptophan proteins, and how these properties can be under-
stood by site-directed mutagenesis.

16.8.3. Site-Directed Mutagenesis of
Tyrosine Proteins

The concept of engineered proteins has also been applied to
tyrosine—only proteins.!#>143 One example is A3>-3-ketos-
teroid isomerase (KSI), which catalyzes the isomerization
of steroids. The protein is a dimer and each subunit contains
three tyrosine residues (Y 14, Y55, and Y88). The three dou-
ble tyrosine deletion mutants were prepared by substitution
with phenylalanine.'#3 One of the residues—Y 14—dis-
played a normal tyrosine emission (Figure 16.51) and a
good quantum yield (0.16). The other two mutants (Y55
and Y88) displayed lower quantum yields (0.06 and 0.03,
respectively) and long-wavelength tails on the tyrosine
spectra. These spectra were interpreted as quenching due to
hydrogen-bonding interactions with nearby groups. In this
protein, the emission is dominated by one of the tyrosine
residues.

16.9. PROTEIN FOLDING

The intrinsic tryptophan emission of proteins has proved to
be particularly valuable in studies of protein folding.!44-157
It is widely recognized that proteins must fold by a particu-
lar pathway because the process is too fast to be explained
by a random conformational search. The sensitivity of tryp-
tophan to its local environment usually results in changes in
intensity or anisotropy during the folding process. One
example (not shown) are kinetic studies of the refolding of

Ketosteroid Isomerase
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Figure 16.51. Normalized emission spectra of the single-tyrosine
mutants of A3-3-ketosteroid isomerase. The wild-type enzyme has
three tyrosine residues per subunit. Y14, YSSF/Y88F (solid); Y55,
Y 14F/Y88F (dashed); Y88, Y14F/Y55F (dotted). Revised from [143].
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single tryptophan in staphylococcal nuclease following a pH jump
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apomyoglobin.!3!-152 In this case one of the tryptophan
residues is quenched as two helices of myoglobin come into
contact. This quenching is due to contact of tryptophan 14
on one helix with methionine 131 on another helix. Methio-
nine is known to quench tryptophan fluorescence.!#!

Figure 16.52 shows stopped-flow measurements for a
mutant nuclease from Staphylococcal aureus. This nuclease
contains a single-tryptophan residue at position 140 near
the carboxy terminus. This residue is mostly on the surface
of the protein, but its intensity and anisotropy are sensitive
to protein folding. Folding and unfolding reactions were
initiated by jumps in pH from 3.2 to 7.0, and from 7.0 to
3.2, respectively. For a pH jump to 7.0 the intensity increas-
es over several minutes, indicating the intensity is larger in
the folded state. A time-dependent decrease was observed
for unfolding following a pH jump from 7.0 to 3.2, showing
that unfolding proceeds more rapidly than folding.
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Figure 16.53. Unfolding of staphylococcal nuclease as observed by
the steady-state intensity (®) or anisotropy (©). From [150].

Protein folding can be followed using fluorescence
intensities, anisotropies, or lifetimes. It is important to rec-
ognize that the percent completion of the unfolding transi-
tions may not be accurately represented by the percentage
change in the lifetimes or anisotropies.!>3 Suppose that the
intensity and anisotropy both decrease when the protein is
unfolded by denaturant. Then the folding transition seen by
the anisotropy data will be weighted more toward the fold-
ed state than the unfolded state (Figure 16.53). A decrease
in intensity was seen for unfolding of the staphylococcal
nuclease. When the intensity decrease indicates unfolding
is half complete, the anisotropy change is less than 50%
because of the larger contribution of the folded state to the
steady-state anisotropy. This is why the folding transition
observed from the anisotropy data precedes that observed
from the intensities (Figure 16.52, top). When performing
measurements of protein folding it is important to remem-
ber that the anisotropy and mean lifetime are intensity-
weighted parameters. For an intensity-weighted parameter
the measured value depends on the relative fluorescence
intensity of each state, as well as the fraction of the protein
present in each state.

16.9.1. Protein Engineering of Mutant
Ribonuclease for Folding Experiments

Since the classic refolding experiments of Christian Anfin-
sen on ribonuclease A (RNase A), this protein has been a
favorite model for studies of protein folding. RNase A nor-
mally contains only tyrosine residues and no tryptophan. In
order to create a unique probe to study folding,'?® a single-
tryptophan residue was inserted at position 92. This posi-
tion was chosen because, in the wild-type protein, the tyro-
sine residue at position 92 is hydrogen bonded to aspartate
38 (D38). This suggested the possibility that a tryptophan
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Figure 16.54. Emission spectra of the trp-92 mutant of RNase A in the
native and denatured state at pH 5. Excitation at 280 nm. Revised from
[158].

residue inserted at position 92 would be quenched by the
nearby carboxyl group in the folded state.

Emission spectra of RNase A with the W92 insertion
are shown in Figure 16.54. The excitation wavelength was
280 nm, so that both tyrosine and tryptophan are excited.
The surprising feature of these spectra is that the relative
tyrosine contribution is highest in the native protein. This is

Figure 16.55. Positions of tryptophan probes in the lactate dehydro-
genase subunit from B. stearothermophilus. The backbone of the pro-
tein is shown as a ribbon, and the positions of each single change of
tyrosine to tryptophan are indicated by the residue number. Reprinted
with permission from [149]. Copyright © 1991, American Chemical
Society.

559

the opposite of what is observed for most proteins. This
unusual result occurs because W92 is quenched in the fold-
ed state by the nearby aspartate residue. The large amount
of quenching by D38 suggests the carboxyl group is in the
protonated form, which is known to quench tryptophan.

16.9.2. Folding of Lactate Dehydrogenase

In order to determine the folding pathway it is important to
examine multiple positions in a protein.!4%-15 This is possi-
ble using mutant proteins. One example is the folding—
unfolding transition of lactate dehydrogenase from Bacillus
stearothermophilus. This protein typically contains three
tryptophans that were replaced by tyrosines. Nine single-
tryptophan mutants were produced with the residues dis-
persed throughout the protein matrix (Figure 16.55). These
mutant proteins were studied in increasing concentrations
of guanidium hydrochloride. Three of the nine unfolding
curves are shown (Figure 16.56). The unfolding transitions
occur at different denaturant concentrations for each of the
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Figure 16.56. Equilibrium unfolding of a single-tryptophan mutants
of lactate dehydrogenase monitored by tryptophan fluorescence inten-
sity. Tryptophan fluorescence was excited at 295 nm and measured at
345 nm. Revised and reprinted with permission from [149]. Copyright
© 1991, American Chemical Society.
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three residues. For instance, the structure surrounding
W248 persists to higher guanidium concentrations than the
structured around residues W279 and W285. From such
data it is possible to reconstruct which regions of the pro-
tein are more stable, and which are first disrupted during
protein unfolding.

16.9.3. Folding Pathway of CRABPI

The folding pathway and kinetics can be studied using
mutant proteins.!60-16! This was accomplished using cellu-
lar retinoic acid binding protein I (CRABPI). This protein
has three tryptophan residues at positions 7, 87, and 109
(Figure 16.57). In the native state the emission spectra are
strongly dependent on the excitation wavelength (not
shown). This occurs because each of the tryptophan

RELATIVE
FLUORESCENCE INTENSITY

TIME (s)

Figure 16.57. Structure (top) and refolding kinetics (bottom) of the
three single-tryptophan mutants of CRABPI. Courtesy of Dr. Lila M.
Gierasch from the University of Massachusetts.

PROTEIN FLUORESCENCE

residues are present in different environments, and the
absorption and emission spectra of the residues depend on
the local environment. When the protein is denatured, the
emission spectra becomes independent of the excitation
wavelength because the three tryptophan residues are all in
a similar environment.

CRABPI mutants were used to study refolding of the
denatured protein. This was accomplished by initially dena-
turing the protein in urea. The urea was then rapidly dilut-
ed in a stopped-flow instrument, followed by measurement
of the tryptophan emission (Figure 16.57). These traces
show that the region surrounding W7 folds most rapidly,
followed by folding of the regions around W87 and W109,
which occurs several-fold more slowly.

16.10. PROTEIN STRUCTURE AND
TRYPTOPHAN EMISSION

Numerous protein structures are known and it is now
becoming possible to correlate the environment around the
tryptophan residues with their spectral properties. One
example is human antithrombin (Figure 16.58). Human
antithrombin (AT) responds to heparin with a 200- to 300-
fold increase in the rate of inhibition of clotting factor Xa.
Wild-type AT contains four tryptophan residues. The contri-

.. Reactive Center

Figure 16.58. Structure of human antithrombin showing the four tryp-
tophan residues and serine residue present in the wild-type protein.
Courtesy of Dr. Peter G. W. Gettins from the University of Illinois.
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Figure 16.59. Emission spectra and local environment of each trypto-
phan residue in human antithrombin. Tryptophan is blue, acidic
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butions of each tryptophan to the total emission was deter-
mined indirectly using mutants, with a single tryptophan
being substituted with phenylalanine.!'®2 Hence, each
mutant protein contained three tryptophan residues. Since
only a single mutation occurred in each protein it was more
likely that AT retained its native structure than if more of
the tryptophan residues were removed.

Figure 16.59 show the emission spectra recovered for
each tryptophan residue in AT. These were not recorded
directly but were calculated from the spectra of the mutants
with three tryptophan residues. Also shown is a closeup
image of each tryptophan residue as seen from outside the
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protein. The most exposed residue W49 has the longest-
wavelength emission maximum, and the most buried
residue W225 has the most blue-shifted emission. While
this result may seem obvious it is only recently that such
correlations of a detailed three-dimensional structure with
emission spectra have been published.

Another example of correlating the structure and sol-
vent exposure to the tryptophan emission maxima is shown
in Figure 16.60. Adrenodoxin (Adx) is a 14-kD single-chain
protein that plays a role in electron transport. Wild-type
Adx does not contain any tryptophan residues, but contains
one tyrosine and four phenylalanine residues (Figure
16.60). These aromatic residues were substituted one by
one with tryptophan.'®3 The closeup view of W11 shows it
is buried in the protein and the closeup view of W82 shows
it is on the surface of the protein. The emission spectra of
these two mutants (Figure 16.61) correlate with the visual
degree of exposure of each residue. The acrylamide
quenching constants also correlate with the degree of expo-
sure seen in Figure 16.60.

16.10.1. Tryptophan Spectral Properties and
Structural Motifs

Intrinsic protein fluorescence with site-directed mutagene-
sis provides an opportunity to correlate the spectral proper-
ties of tryptophan with its location in a structural
motif.!6+-167 Such experiments can also provide a test of the
similarity of a protein structure in solution and in a crystal.
This type of experiment was performed using tear lipocalin
(TL). This protein is found in tears. TL binds a wide range
of hydrophobic molecules such as fatty acids, cholesterol,
and phospholipids. The structure of lipocalin shows regions
of a-helix and B-sheet, and regions of undefined structure
(Figure 16.62). Wild-type lipocalin contains a single-trypto-
phan residue that was removed by making the W17Y
mutant. Then about 150 mutant proteins were made with a
single-tryptophan residue inserted sequentially along the
sequence.106-167

Figure 16.63 shows the emission spectra of the mutants
with tryptophan at positions 99 to 105. The emission maxi-
ma shift from shorter to longer wavelengths as the trypto-
phan is moved by one position along the peptide chain.
Such an oscillating behavior is expected for a 3-sheet struc-
ture. Lipocalin contains a B-sheet in this region. These
mutant proteins were also analyzed using acrylamide
quenching. The extents of quenching also oscillated with
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Figure 16.60. Structure of bovine adrenodoxin (top) and closeup views of W11 and W82 in the mutant proteins. Courtesy of Dr. Rita Bernhardt from
Saarlandes University, Germany.
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each step along the sequence (Figure 16.64). Hence,
residues from positions 94 to 105 are alternately exposed or
shielded from the solvent.

Figure 16.65 shows a summary of the tryptophan emis-
sion maxima for about 150 mutants. Also indicated are
regions of a-helical and P-sheet structure. In [B-sheet
regions the emission maxima oscillate with each step along
the sequence. For the a-helical region the emission maxima
oscillates with a periodicity of about 3.6 residues per cycle.
These data showed a close correlation between tryptophan
emission and the x-ray structures of lipocalin.

16.11. TRYPTOPHAN ANALOGUES
Advanced Topic

For calmodulin and other tyrosine-only proteins a geneti-
cally inserted tryptophan residue can serve as a useful
probe. However, most proteins contain several tryptophan
residues that must all be removed to selectively observe the
inserted tryptophan. It is useful to have tryptophan ana-
logues that could be selectively observed in the presence of
tryptophan-containing proteins. This can be accomplished
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using tryptophan or amino-acid analogues that absorb at
longer wavelengths than tryptophan. These analogues must
be inserted into the protein sequence. This can be accom-
plished in three ways. The entire protein can be synthesized
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Figure 16.67. Absorption (top) and emission spectra (bottom) of tryp-
tophan analogues. Revised from [168].
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de novo. However, this approach is limited to small pep-
tides and proteins that will fold spontaneously after synthe-
sis. The second approach is by incorporation into protein
grown in bacteria or a cell-free system. This is typically
done using tryptophan auxotrophs, which cannot synthesize
their own tryptophan. The amino-acid analogue is chemi-
cally attached to the tRNA, which is then added to the sam-
ple during protein synthesis. The inserted amino acids are
typically selected to have a structure similar to tryptophan.
The third and most elegant approach is modification of the
genetic code and protein synthesis machinery to include a
new amino acid.

16.11.1. Tryptophan Analogues

A group of tryptophan analogues have been synthesized
and incorporated into proteins using tryptophan auxo-
trophs!68-181 (Figure 16.66). These analogues were designed
to retain a size close to tryptophan itself. Except for 4-fluo-
rotryptophan (4FW) these analogues absorb at longer wave-
lengths than tryptophan (Figure 16.67).

The spectral properties of SHW and 7AW are different
from tryptophan.!’8 In water, SHW displays a higher quan-
tum yield than tryptophan (0.275 for SHW versus 0.13 for
W). SHW is less sensitive to solvent polarity than trypto-
phan, and displays an emission maximum near 339 nm
(Figure 16.67). The quantum yield of 7AW is highly
dependent on solvent polarity and decreases upon contact
with water.!82 In water its quantum yield is low, near 0.017,
with an emission maximum near 403 nm. This property of
7AW is somewhat problematic. The use of 7AW was origi-
nally proposed as an alternative to tryptophan because 7AW
was thought to display a simple single exponential de-
cay.!83-184 Unfortunately, 7AW and azaindole display com-
plex decay kinetics due to the presence of several solvated
states.!85-187 A non-exponential decay has also been
observed for an octapeptide that contains a 7AW residue.!88
7AW is a useful tryptophan analogue, but it can display
complex decay kinetics.

These tryptophan analogues have been incorporated
into a number of proteins. One example is substitution of
SHW and 7AW for the single-tryptophan residue in staphy-
lococcal nuclease (Figure 16.68). In this case the emission
maxima of tryptophan and SHW are similar. The advan-
tages of SHW and 7AW can be seen by their use in studies
of more complex biochemical mixtures. SHW was used to
replace the tyrosine residue in insulin. This allowed the flu-
orescence of SHW-insulin to be used to study its binding to
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Figure 16.68. Absorption and emission spectra of wild-type staphylo-
coccal nuclease (W140) and mutant proteins when W140 is replaced
with a tryptophan analogue. Revised from [168].

the insulin receptor.!”® Such studies would not be possible
using the tyrosine fluorescence of insulin because this emis-
sion is masked by the tryptophan emission of the insulin
receptor protein. SHW has proven valuable in measuring an
antigen—antibody association.!”? SHW was incorporated
into the calcium-binding protein oncomodulin. Binding of
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Figure 16.69. Low-temperature excitation anisotropy spectra of tryp-
tophan, SHW, and 7AW in 50% glycerol-phosphate buffer, 77°K.
Revised and reprinted with permission from [178]. Copyright © 1997,
Cambridge University Press.
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tryptophan (solid) and 4-fluorotryptophan (dashed) at 25°C and 285-
nm excitation. Revised from [189].

this protein to antibodies could be detected even though the
antibody possessed numerous tryptophan residues.

These tryptophan analogues can be used to study pro-
tein association reactions, which are often studied using
anisotropy measurements. For these purposes it is valuable
to know the excitation anisotropy spectra. The anisotropy of
both analogues is lower than that of tryptophan itself (Fig-
ure 16.69). The low anisotropy of 7AW is another indica-
tion of its complex spectral properties.

Another useful tryptophan analogue is 4-fluorotrypto-
phan (4FW). This analogue is useful because it has a simi-
lar size and shape as tryptophan, but is almost nonfluores-
cent (Figure 16.70).189 This analogue provides a means to
eliminate the emission from a tryptophan while retaining
almost the same size and shape.

16.11.2. Genetically Inserted Amino-Acid
Analogues

During the past several years, a new method appeared to
incorporating non-natural amino acids into proteins. This is
accomplished by identifying a unique tRNA and aminoa-
cyl-tRNA synthetase that will act independently of the other
tRNAs and other enzymes.!90-19 [n some cases an unused
three-base codon is used, and in other cases a unique four-
base codon is used.!9¢-198 This approach is general and can
introduce a variety of amino-acid analogues, some of which
are shown in Figure 16.71.

This approach was used to introduce amino-acid ana-
logues into streptavidin.!?9-200 Figure 16.72 shows the struc-
ture of a single subunit of streptavidin showing the portion
of the mchAla or the 2,6-dnsAF analogues. These amino-
acid analogues can be excited at wavelengths longer than
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320 nm so that intrinsic tryptophans do not interfere with
this probe. The mutant streptavidin with mchAla showed a
change in emission intensity upon binding biotin (Figure
16.73). Streptavidin was also synthesized with the anthra-
cene-like amino acid, yielding an unusual protein with the
emission of anthracene. It seems probable that these meth-
ods for synthesis of labeled proteins will become more
widely used as the methodology becomes more available.

16.12. THE CHALLENGE OF
PROTEIN FLUORESCENCE

The intrinsic fluorescence of proteins represents a complex
spectroscopic challenge. At the initial level one has to deal
with multiple fluorophores with overlapping absorption and
emission spectra. The presence of multiple fluorophores is
itself a significant challenge. However, the actual situation
is still more complex. The dominant fluorophore tryptophan
displays complex spectral properties due to the presence of
two overlapping electronic states. It is now accepted that

COOH

HzN

Figure 16.72. Structures of streptavidin containing mchAla at position 120 or streptavidin with 2,6-dnsAF at position 44. From [199-200].
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Figure 16.73. Emission spectra of streptavidin containing amino-acid
analogue. Revised from [199]. Insert shows structure of streptavidin
containing mchAla (red) with bound biotin (purple).

even for single-tryptophan proteins the emission often con-
tains multiple spectral contributions due to either multiple
conformations or the intrinsic heterogeneity of tryptophan
itself. Tryptophan is uniquely sensitive to a variety of
quenchers, many of which are present in proteins. Trypto-
phan is also sensitive to quenching by nearby peptide
bonds. Small motions of the amino-acid side chains or
backbone can apparently result in changes in tryptophan
emission, and some of these motions may occur during the
excited-state lifetime. And, finally, the fluorescent amino
acids in proteins can interact by energy transfer. In some
cases a quenched tryptophan residue can serve as a trap for
normally fluorescent residues. Such effects will be highly
sensitive to the conformation of the proteins and relative
orientation of the fluorescent amino acids.

Given the complexity of tryptophan fluorescence, it is
not surprising that the details remained elusive from studies
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of multi-tryptophan proteins. It was recognized that trypto-
phan could be quenched by nearby groups and that energy
transfer could occur. However, it was not until the availabil-
ity of engineered proteins of known structure that we were
able to identify convincing examples of these phenomena.
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PROBLEMS

P16.1. Determination of Protein Association and Unfolding

by Fluorescence: Suppose you have a protein that con-
sists of a single subunit with a molecular weight of
25,000 daltons. The protein contains a single-trypto-
phan residue near the central core of the protein and
several tyrosine residues. The protein also contains a
single reactive sulthydryl residue on the surface.

A. Assume that the monomeric protein can be
unfolded by the addition of denaturant. Explain
how the fluorescence spectral properties of the
unmodified protein could be used to follow the
unfolding process.

B. Describe the use of collisional quenchers to
probe the accessibility of the tryptophan residue
to the solvent.

C. Assume that the unmodified protein self-associ-
ates with another subunit to form a dimer. How
could fluorescence spectroscopy be used to fol-
low the association process?

D. Describe how you would use fluorescence spec-
troscopy to measure the distance from the tryp-
tophan residue to the reactive sulfhydryl group.

P16.2.

P16.3.

P16.4.
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Be specific with regard to the experiments that
you would perform and how the data would be
interpreted.

E. Describe how you would use energy transfer to
measure self-association of the protein after the
protein has been modified on the sulfhydryl
groups with dansyl chloride.

Detection of Protein Dimerization: Suppose you
have a small protein with a single-tryptophan
residue that displays r, = 0.30, and that the protein
associates to a dimer. The correlation times of the
monomer and dimer are 0, = 1.25 and 6, = 2.5 ns,
respectively. Upon dimer formation the lifetime
increases from 1y, = 2.5 to 1, = 5.0 ns, and the rela-
tive quantum yield increases twofold. Describe how
you would detect dimer formation using the:

A. steady-state intensity,

B. intensity decay,

C. steady-state anisotropy, or
D. anisotropy decay.
E

What fraction of the emission is due to the
monomers and dimers when 50% of the
monomers have formed dimers? What is the
steady-state anisotropy? What are the intensity
and anisotropy decays?

Effect of Excitation Wavelength on Protein Fluores-
cence: Section 16.9.3 described kinetic studies of
the refolding of cellular retinoic acid biding protein
I (CRABPI). The wild-type protein contains three
tryptophan residues (Figure 16.57). Figure 16.74
shows emission spectra of the native and denatured
forms of CRABPI for various excitation wave-
lengths. The emission spectra of native CRABPI
shift to longer wavelengths with increasing excita-
tion wavelength. The emission spectra of denatured
CRABPI do not depend on excitation wavelength.
Explain these emission spectra. There may be more
than one explanation.

Binding Between Calmodulin and a Protein Kinase
C: Myristoylated protein kinase (MRP) is a kinase
that binds to calmodulin. MRP and CaM both lack
tryptophan with wild-type sequence MRP. Emission
spectra of wild-type and single-tryptophan mutants
of MRP are shown in Figure 16.75. Explain these
spectra.



574 PROTEIN FLUORESCENCE

Native CRABPI Denatured CRABPI

g
s o

: 280
285
290
295
300
303

o Or» 4

FLUORESCENCE INTENSITY

=} 1

1 1
310 340 370 31 340 370

1 1 | 1 1 1 1 1 1

WAVELENGTH (nm)

Figure 16.74. Emission spectra of cellular retinoic acid binding protein I (CRABPI) for various excitation wavelengths. Revised from [160].

P16.5. Quenching of LADH and Its Mutants: Liver alcohol W15. Interpret these data in terms of the accessibil-
dehydrogenase (LADH) contains two tryptophan ity of each tryptophan residue to quenching, the
residues at positions 15 and 314. Table 16.2 lists Stern-Volmer quenching constants, and fractional
steady-state intensity quenching data for wild-type accessibilities to quenching.

LADH and the mutant W314L containing only

MRP
Aex=280nm
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N
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Figure 16.75. Emission spectra of wild-type myristoylated protein kinase
C and single-tryptophan containing mutants, in the absence and presence
of calmodulin. Revised from [119].
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Table 16.2. Acrylamide and Iodide Quenching Data for the Wild-Type

LADH and the W314F Mutant

Wild-type LADH

[Acrylamide] FIF, AFIF, (-] FIF, AFIF,
0 1.00 0 0 1.00 0
0.025 0.86 0.14 0.061 0.96 0.04
0.050 0.77 0.23 0.122 0.93 0.07
0.074 0.71 0.29 0.181 0.89 0.11
0.098 0.67 0.33 0.238 0.863 0.137
0.120 0.63 0.36 0.294 0.856 0.144
0.146 0.60 0.40 0.349 0.84 0.16
0.170 0.57 0.43 0.402 0.83 0.17
0.190 0.55 0.45 0.455 0.82 0.18
0.238 0.51 0.49 0.506 0.80 0.20
0.280 0.49 0.51 0.556 0.77 0.23
0.370 0.45 0.54 0.604 0.76 0.23
0.450 0.42 0.58 0.652 0.75 0.25
0.550 0.40 0.60 0.700 0.74 0.26
0.650 0.38 0.62 0.745 0.73 0.27
0.745 0.34 0.66 0.790 0.72 0.28
0.830 0.33 0.67 0.833 0.71 0.29
1.000 0.31 0.69 0.876 0.70 0.296

0.918 0.69 0.30

0.960 0.69 0.31

1.000 0.68 0.32
W314F LADH

[Acrylamide] FIF, AFIF, [I-] FIF, AFIF,
0 1 0 0 1 0
0.025 0.85 0.15 0.063 0.94 0.058
0.050 0.70 0.29 0.124 0.88 0.115
0.075 0.62 0.38 0.184 0.83 0.17
0.098 0.54 0.45 0.243 0.79 0.21
0.122 0.50 0.50 0.300 0.75 0.25
0.146 0.45 0.54 0.355 0.71 0.29
0.170 0.41 0.59 0.410 0.70 0.31
0.190 0.38 0.62 0.463 0.67 0.33
0.215 0.33 0.67 0.515 0.63 0.37
0.240 0.32 0.68 0.566 0.61 0.39
0.260 0.27 0.73 0.615 0.60 0.40
0.280 0.27 0.73 0.664 0.58 0.42
0.305 0.26 0.74 0.711 0.56 0.44
0.327 0.24 0.76 0.756 0.55 0.45
0.370 0.21 0.79 0.803 0.54 0.46
0.410 0.18 0.81 0.847 0.52 0.48
0.450 0.17 0.83 1.016 0.46 0.54
0.500 0.15 0.85
0.540 0.14 0.86
0.570 0.13 0.87
0.650 0.11 0.89
0.745 0.09 0.90
0.833 0.08 0.92
0.920 0.07 0.93
1.080 0.05 0.95

aFrom [201].
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