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Abstract. With the aim of finding non-equilibrium
dipole-relaxational electronic excited states of trypto-
phan residues in proteins the dependence of the fluo-
rescence emission maximum on excitation wavelength
was studied for several proteins containing a single
tryptophan residue per molecule. Spectral shifts upon
red-edge excitation are not observed for short wave-
length-emitting proteins (azurin, two-calcium form of
whiting parvalbumin, ribonucleases C, and T;). This
may be because of the non-polar environment of the
tryptophan residues in these proteins or because of the
absence of dipole-orientational broadening of spectra.
The effect was also not found for proteins emitting at
long wavelengths (max. at 341-350 nm) — melittin at
low ionic strength, IT-Ajl protease inhibitor, myelin
basic protein. In these proteins, the tryptophan resi-
dues are exposed to the rapidly relaxing aqueous sol-
vent. Spectral shifts associated with red-edge excita-
tion are observed for proteins emitting in the medium
spectral range — human serum albumin in the N and F
forms, IT-Aj1 protease inhibitor at pH 2.9, melittin at
high ionic strength as well as the albumin-dodecyl-
sulfate complex. This suggests the existence in these
proteins of a distribution of microstates for trypto-
phan environment with various orientation of dipoles
and of slow (on the nanosecond time scale) mobility of
the field of these dipoles. As a result the emission
proceeds from electronic excited states which are not
at equilibrium.
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Introduction
The popularity of fluorescence spectroscopy in the

study of proteins results from the simplicity or experi-
ments and the high sensitivity of the position and in-

tensity of spectra to structural changes in the protein.
However, this method has not yet been developed to
the extent where strict and unequivocal correlations
between spectroscopic information and protein struc-
ture exist. In spite of much effort there are no final
answers to the questions which faced investigators
upon the introduction of this method (Vladimirov and
Burstein 1960; Teale 1960; Konev 1967): What basic
mechanisms are involved in spectral changes? What is
the explanation for the large variations (up to 45nm)
exhibited by the fluorescence emission maximum of
tryptophan in proteins? To what extent is the ap-
proach based on the analysis of models of tryptophan
environment in isotropic media applicable in the study
of proteins? Tryptophan fluorescence is sensitive to a
number of factors: the environment polarity (Konev
1967; Longworth 1971; Burstein 1976, 1977), forma-
tion of complexes in the excited state (exciplexes)
(Burstein 1976, 1977; Lumry and Hershberger 1978)
and the rate of dipole-reorientational relaxation
around the excited chromophore (Lakowicz et al.
1980; Lakowicz and Balter 1982). When studying pro-
tein spectra it is not always easy to identify the particu-
lar factor involved.

The analysis of dipole-relaxational properties is of
special significance, since it allows one to obtain im-
portant information on protein dynamic properties.
The application of nanosecond time-resolved spec-
troscopy allowed the observation in some cases (for
example, Grinvald and Steinberg 1974) of spectro-
scopic behaviour in accord with the model of dipole-
reorientational relaxation occurring at nanosecond
times (Bakhshiev 1972). However, for many proteins
there are no nanosecond shifts in the time-resolved
fluorescence spectra of individual chromophores. This
fact indicates that mobility of protein groups is outside
the nanosecond time range but cannot resolve whether
it is too fast or too slow. The recently proposed meth-
od of red-edge-excitation fluorescence spectroscopy
(Demchenko 1981, 1982, 1984) is thought to identify
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these two limiting situations. In several proteins stud-
ied it was shown that emission proceeded from chro-
mophore excited states which were not at equilibrium
with respect to orientation of surrounding dipoles.
However, it is not clear how general this phenomenon
is, and how it relates to other structural and spectro-
scopic properties of tryptophan residues in proteins.

The present communication is concerned with the
results of studies on the red-edge-excitation shifts of
fluorescence spectra of several proteins having a single
tryptophan residue. This is the simplest case for the
fluorescence study of proteins because the structural
heterogeneity of tryptophan residues is partly exclud-
ed (with the exception of probable conformers at equi-
librium, see Permyakov et al. 1985; Ludescher et al.
1985) and excitation energy homotransfer is elimi-
nated. The aim of this paper is to correlate the red-
edge-excitation fluorescence spectral shift with the
positions of fluorescence spectra and with other spec-
troscopic properties of a number of single-tryptophan
proteins.

Theory

The red-edge-excitation shift effect in fluorescence
spectra is a phenomenon associated with the existence
in the chromophore-environment system of a distribu-
tion in interaction energies and with the dynamic
properties of the chromophore environment (Dem-
chenko 1986). This effect was first observed by Rubi-
nov and Tomin (1970) and Galley and Purkey (1970) in
solid chromophore solutions. Its relation to structural
relaxational propertics of the excited-state chromo-
phore environment was manifested in many subse-
quent publications (Macgregor and Weber 1981; Rubi-
nov and Tomin 1984; Demchenko 1982) dealing with
many chromophore-solvent systems including indole
and tryptophan (Demchenko and Ladokhin 1988).
Model experiments strongly suggest that though other
processes in attaining intermolecular equilibrium in
the excited state may be involved, inhomogeneity with
respect to dipolar interactions and dipole-reorienta-
tional relaxation are the major factors responsible for
this effect.

Assume that the absorption band contour is in-
homogeneous and contains contributions of chromo-
phores differing in their energy of interaction with the
environment and whose individual absorption spectra
are shifted to a different extent as a result of this inter-
action. On excitation at the red-edge one effects the
photoselection of a particular part of the chromo-
phore population within this distribution, namely that
which possesses the lowest electronic transition ener-
gy. Their fluorescence spectrum (if there is no mobility
of the chromophore environment prior to emission)

differs from the average and is shifted to longer wave-
lengths. Thus the necessary conditions for observation
of the shift upon red-edge-excitation are: substantial
change of chromophore dipole moment on electronic
excitation, the presence in the chromophore environ-
ment of strong dipoles in sufficient concentrations,
their immobility or slow mobility on the time scale of
electronic excitation.

Consider three specific cases which differ in con-
formity of the emission rates and chromophore envi-
ronment mobility.

(i) Motions of polar molecules and groups in the
chromophore environment do not occur at the time
scale of emission. This is the case for a solid environ-
ment. The dipole-reorientational relaxation time 1y is
much longer than the fluorescence lifetime 7. The
magnitude of the shift upon red-edge-excitation is very
significant. It is dependent both on the chromophore
properties (the magnitude and direction of the change
in the dipole moment on excitation and the slope of
the absorption spectrum at the red edge) and on the
chromophore-environment interactions (the distribu-
tion of chromophore-environment interaction ener-
gies in the ground and excited states).

(ii) Relaxation occurs simultaneously with emission,
1z & 7. This is the case for highly viscous environ-
ments. The shift upon edge-excitation depends on the
relative contributions of early emitted quanta from
non-relaxed states and the quanta emitted later from
the relaxed states. The effect in this case should depend
significantly on any factor that influences 7z or
1y, specifically, on temperature and fluorescence
quenchers.

(iii) The mobility of the chromophore environment is
rapid on the nanosecond time scale, and 7z < 75 . This
is the case for a low-viscosity liquid environment.
There is a rapid redistribution (equilibration) of inter-
action energies prior to emission, and fluorescence
spectra are excitation-wavelength-independent.

There is a direct relation between the shift and
other effects which are dependent on molecular relax-
ations in the excited state: relaxational temperature-
dependent shift (which induced variations of 7z and
7r), lifetime-resolved shifts (variations of 1) and nano-
second time-dependent shifts (Lakowicz 1983). Ac-
cording to the Bakhshiev-Mazurenko theory of re-
laxation (Bakhshiev et al. 1966; Mazurenko and
Bakhshiev 1970) the mean frequency of emission in
steady-state spectra v depends on 7; and 7 in the
following way:

V_Vw TR

(1)

Vo— Vo TR+TF

Here v, is the emission frequency of the non-relaxed
chromophore, which occurs at early times and is ob-



served in time-resolved spectra or in steady-state spec-
tra at low temperatures, v, is the frequency of emis-
sion of already relaxed chromophore, that occurs at
high temperatures or long times.

The dependence of the edge-excitation effect on 14
and 15 is similar to that of the relaxational shift (Dem-
chenko and Ladokhin 1988). However, since relax-
ation results in the establishment of an equilibrium
distribution, the effect vanishes and at infinite time the
position of the fluorescence spectrum becomes inde-
pendent of the excitation wavelength:

Ve — 28 =0, (2)

Then if we assume that Eq.(1) is valid both for mid-
band and for edge excitations, we obtain:

y — podee Tx 3)
VO—ngge Tr +TF )

The important advantage of edge excitation spectros-
copy follows from the fact that Eq. (3) does not contain
v, . Thus, determination of 7, does not require knowl-
edge of the spectrum of the completely relaxed state,
which is often not possible in both steady-state and
time-resolved experiments with proteins, because of
small 7 values and the fact that high temperatures
may cause protein denaturation. v — v®%€® increases
with 7z and tends to a limiting value. According to
Eq. (3) the ratio of the edge-excitation effect to its limit-
ing value is a function of 7. The presence of the effect
itself indicates that 1z = 7x. Thus, a non-equilibrium
excited state may be recognized from simple steady-
state experiments without variations of any other pa-
rameter.

Materials and methods

Azurin from the microorganism Pseudomonas aerugi-
nosa, with purity index Eq,5/E,5, = 0.63 and isolated
as described by Kamalyan and Nalbandyan (1977)
was provided by M.G.Kamalian (Institute of Bio-
chemistry, Armenian Academy of Science, Yerevan).
Whiting (Gadus Merlangus) parvalbumin was a kind
gift of E. A. Permyakov and L. P. Kalinichenko (Insti-
tute of Biological Physics, USSR Academy of Science,
Pushchino, Moscow Region). Ribonuclease C, from
Aspergillus clavatus, isolated as described by Bezboro-
dovaet al. (1983), was a gift of S. I. Bezborodova (VNII
Genetika, Moscow). Melittin from bee venom was iso-
lated in our laboratory by E. G. Kostrzhevska and
T. L. Dibrova using conventional procedures includ-
ing gel-filtration on a Sephadex G-25 column and
DEAE-cellulose chromatography (Maulet et al. 1980).
IT-Aj1 protease inhibitor, isolated from Actinomyces
Junthinus 118 using the procedure of Andreeva et al.
(1978), was a gift of V. M. Grishchenko (Institute of
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Biochemistry and Physiology of Microorganisms,
USSR Academy of Science, Pushchino, Moscow Re-
gion). B-casein from cow milk, pure according to elec-
trophoretic and DEAE-chromatographic criteria, was
isolated by D. S. Yankovsky (Institute of Meat and
Milk Industry, Kiev). Human serum albumin was a
crystalline preparation (Sigma) which was defatted by
charcoal filtration and the monomer fraction was iso-
lated by gel-filtration on Sephadex G-75. The data on
ribonuclease T; from Aspergillus clavatus were com-
municated by E.A. Burstein (Institute of Biological
Physics, USSR Academy of Science, Pushchino, Mos-
cow Region).

Sodium dodecylsulfate was a product of Serva.
Fluorescence spectra were recorded on an Hitachi
MPF-4 spectrofluorometer equipped with a 150 W
xenon lamp. Recording conditions were: excitation
spectral bandwidth 2 nm, emission — 5nm, ratio
recording mode, scan speed 30 nm/min. Some experi-
ments used an interference filter (cut off A > 320 nm) to
reduce stray light. Since the recorded spectra of indole
and tryptophan agreed well with published corrected
spectra, no correction for instrument response was em-
ployed. For protein samples rectangular 1cm silica
cells were used. The cell holders were thermostated by
circulating water.

The experiments on the dependence of fluores-
cence spectra on excitation wavelength were con-
ducted in two ways: either protein concentration was
set constant or the protein concentration was varied
in order to maintain nearly constant absorption
(0.05— 0.08) at the excitation wavelength. For this
absorption range, the fluorescence intensity changes
were practically linear with changes in protein concen-
tration. With the proteins studied here no concen-
tration-dependent effects in spectra were detected. In
order to decrease light-scattering the protein prepara-
tions were centrifuged at 12,000 g for 10 — 15 min. The
background emission of buffer solutions for each pro-
tein spectrum was recorded and subtracted.

Under the conditions of our experiment the stan-
dard error for the determination of 5, was + 0.5 nm.
In order to increase the precision in determining the
spectral shifts, the ratio of the intensities at the short
and long wavelength wings of the spectrum, I, /I,,,
was obtained. In the case of a single emitting chromo-
phore this parameter is a direct and (to a first approxi-
mation) linear function of AL, (Filenko and Zyma
1981). The values of 2, and A, were chosen at approxi-
mately hall-maximal intensities and at a distance from
the scattered light band. For red-edge excitation this
band is increased in intensity and is superimposed on
fluorescence spectra; this does not allow the precise
determination of any parameter based on integration
of emission band, e.g. the centre of mass. The error in
determining I, /I, was +4% or better; this allows
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the detection of shifts of AL, by 0.3 — 0.4 nm. For the
proteins emitting in the medium wavelength range
A1 =320 nm, A, = 360 nm, the bandwidth of the spec-
trum A4 was determined as the distance in wave-
lengths between the points at half-maximum inten-
sities.

Absorption spectra were recorded on “Specord
UV-VIS” (Carl Zeiss, Jena, GDR) and Beckman,

model 25 spectrophotometers.

Results
Proteins emitting in the short wavelength region

Figure 1 shows results for the dependence of the posi-
tions of the fluorescence maximum on excitation
wavelength for several short wavelength emitting pro-
teins: azurin with AL, = 307 nm, whiting parvalbumin
(calcium form) with Af, = 315nm and ribonucleases
T, (AL =321nm) and C, (Af,, =323.5nm). Of the
proteins studied azurin possesses the shortest wave-
length fluorescence spectrum with fine structure,
which is unique in proteins, but is typical of indole in
hydrophobic environments. This served as a basis for
classifying the azurin tryptophan residue as a repre-
sentative of a very rare class A chromophore (Burstein
1977). The tryptophan residues of whiting parvalbu-
min and ribonucleases T; and C, are referred to by
Burstein (1977) as class S chromophores (with a contri-
bution from class I). The fluorescence spectra of class
S possess some fine structure but have maxima at
316 nm (exciplex 1:1 emission, Burstein (1983)). The
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Fig. 1. Dependence of fluorescence maxima positions on exci-
tation wavelength for single-tryptophan proteins emitting at
short wavelength. 7. azurin in 0.05 M ammonia-acetate buffer,
pH 6.0. 2. parvalbumin in 0.05 M tris-HCI buffer, pH 7.5 in the
presence of calcium ions (0.1 mM). 3. ribonuclease 7, in 0.05 M
tris-HC1 buffer, pH 7.5. 4. ribonuclease C, in 0.05 M tris-HCI
buffer, pH 7.0, temperature 25°C

relatively small Stokes shift and the superposition of
the scattered light band on the spectra do not allow
one to obtain fluorescence spectra in the excitation
range 305-309nm for these proteins. However, the
results at shorter excitation wavelengths show the
edge-excitation fluorescence effect to be absent, and
the absorption contour behaves as a homogeneous
one. That no excitation wavelength dependent shifts
were present was also demonstrated by measuring the
ratio of intensities at the two wings of the spectrum
(I,/1;,)- No changes were found in the widths of the
fluorescence bands.

The failure to detect inhomogeneity in chromo-
phore — environment interactions may be explained in
one of two ways:

(1) Rapid relaxational mobility may exist when
1z < 7p. If it occurred, the fluorescence spectra would
be shifted significantly on freezing (at low tempera-
tures 7y increases). However, it is known that on low-
ering the temperature the fluorescence spectra of
azurin (Burstein et al. 1977) and of class S proteins
(Burstein 1977) are unchanged.

(2) Insignificant dipolar interactions and the absence
of a substantial distribution in their energy. If so, selec-
tivity of photoselection within a population of chro-
mophores with different interaction energy is not suffi-
cient and the effect of edge excitation may not be
revealed even if the chromophore environment is rigid
enough. The analysis of X-ray diffraction data for azu-
rin (Turoverov et al. 1984) demonstrates that the envi-
ronment of Trp-48 is actually hydrophobic with no
contacts of this residue with polar groups and no hy-
drogen bonding. Probably, these are also the proper-
ties of class S proteins (Burstein 1977, 1983), their lon-
ger wavelength fluorescence spectra is due to a specific
complex (exciplex 1:1) with one polar group, the for-
mation of which may not require fast group mobility.
Since whiting parvalbumin and ribonucleases T; and
C, contain contributions of class I emission, there ex-
ists some possibility for exciplex formation with a sec-
ond polar group (Burstein 1983). There is probably no
other polar group to contact the indole ring, and pro-
tein dynamics is not so fast that these groups could
approach it at the excited state lifetime.

Hershberger et al. (1980) in studies of phosphores-
cence and optically detected magnetic resonance
spectra at liquid helium temperature observed inho-
mogencous broadening of 0.4 nm for ribonucelase T; .
This effect is probably not sufficient to be detected in
our experiments.

Thus, for proteins with short wavelength emission
the effect of red-edge-excitation fluorescence shifts is
not revealed. The suggested approach does not allow
the width of the distribution of interaction energies of
chromophore microstates and the rate of dipole-



reorientational mobility of groups in its environment
to be evaluated.

Proteins emitting in the medium-wavelength range
(325-341nm)

Several proteins of this group were studied under dif-
ferent experimental conditions. IT-Aj1 protease inhib-
itor from microorganisms at pH 2.9, bee venom melit-
tin at high ionic strength and neutral pH, human
serum albumin at neutral and acid pH and its complex
at neutral pH with dodecylsulfate (Fig. 2). A small fluo-
rescence shift on changing excitation wavelength from
295 to 305 nm is observed for albumin at neutral pH
—2nm (A22%° =340nm) and protease inhibitor at
pH 2.9 — 3 nm (A%295 = 337 nm). It is more significant
for melittin and amounts to 5 nm (A<2%% = 333.5 nm).
The acid F-form of serum albumin displays a fluo-
rescence spectrum at shorter wavelengths than the
N-form existing at neutral pH (Ivkova et al. 1971;
Nyamaa et al. 1985). For the F-form with A%2%° =
329 nm the edge-excitation fluorescence shift is more
significant, reaching 7 nm. The shifts of AL, were con-
firmed by the substantial decrease of I5,4/156, values.
With such substantial shifts of spectra, the band-
widths, 44, in the region 295-305 nm were increased
by no more than 1 nm.

The fluorescence decay of human serum albumin is
not exponential and at neutral pH is approximated by
two lifetimes, 6.1 and 1.5 ns (Hazan et al. 1976). The
mobility inside this protein is probably so low that the
equilibrium distribution of dipolar groups at these
times is not reached.

The ability of serum albumin to bind detergents at
low (stoichiometric) concentrations is well-known.
The tryptophan residue participates in the formation
of a binding centre, and its fluorescence spectrum on
binding is shifted substantially to shorter wavelengths
(Ivkova et al. 1971; Eftink and Ghiron 1977). In studies
of the albumin complex with dodecylsulfate we have
observed a shift of 11 nm upon red-edge excitation
(48295 = 323 nm), the most significant for the pro-
teins studied. Under the chosen experimental condi-
tions the albumin molecule retains its native structure,
and sites with high affinity for detergent are saturated.
Both sulfo-groups and aliphatic chains of dodecylsul-
fate molecules participate in high-affinity interaction
with the protein, their alkyl groups bind non-polar
protein groups (Inoue et al. 1979). The substantial
magnitude of the red-edge-excitation effect observed is
supposed to originate not only from screening of the
tryptophan residue from aqueous solvent and transi-
tion to a less polar environment, but also from immo-
bilization of the environment, slowing down the relax-
ation of surrounding dipoles (Demchenko 1981).
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Fig.2 A and B. Dependence of fluorescence maxima positions
Amae (A) and parameter I,,/I560 (B) on excitation wavelength
for single-tryptophan proteins emitting in the medium wave-
length range. 7: albumin in 0.05 M tris-HC1 buffer, pH 7.8 in the
presence of 10~ * M sodium dodecyl suifate. 2 albumin in 0.1 M
glycine buffer, pH 3.2. 3 melittin in 0.05M wris-HCI buffer,
pH 7.5 with 0.15 M NaCl. 4: protease inhibitor in 0.2 M glycine
buffer, pH 2.9. 5. albumin in 0.05 M #ris-HCI buffer, pH 7,2,
temperature 25°C

It is possible to suggest that in the latter case, as
well as in other cases where dependence on excitation
wavelength is observed, that the red-edge-excitation
fluorescence effects are directly relatred to incomplete
relaxation of dipolar groups surrounding the trypto-
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phan residue during emission. In the case of native
albumin there may be both protein groups and immo-
bilized water molecules. The tryptophan residue in na-
tive albumin is thought to have limited access to water
since its fluorescence is quenched by ionic quenchers
(Ivkova et al. 1971; Burstein 1977). The edge excitation
effect increases significantly on transition of albumin
to the F-form in acid media. This may be the result of
an increase in rigidity of the tryptophan environment
as well as of increased screening from the solvent. The
latter is the traditional explanation for the short wave-
length emission.

Melittin at high ionic strength forms tetrameric
structures. According to X-ray diffraction data the
tryptophan residues have partial access to solvent
(Terwilliger et al. 1982). The position of the fluores-
cence spectrum at short wavelengths (relative to un-
folded melittin} and the substantial red-edge effect in-
dicates the nanosecond rigidity of its environment. It
is interesting to note that when the fluorescence probe
2-p-toluidinonaphthalene-6-sulfonate (TNS) is bound
to melittin in a site close to the tryptophan residue, the
substantial fluorescence shift on edge excitation is also
observed (Demchenko 1985).

The dependence of the fluorescence shift (differ-
ences in positions of fluorescence maxima on excita-
tion at 305 and 295 nm) on temperature for serum
albumin and protease inhibitor are presented in Fig. 3.
The results indicate only a small influence of tempera-
ture in the range 0° to 42°C on the magnitude of this
effect. Quite different behaviour is observed for indole
and tryptophan in model viscous solutions (Dem-
chenko and Ladokhin 1988). In glycerol in this tem-
perature range the dipolar relaxation time changes by
one order of magnitude and with its value being about
15, and the observed variation of the edge-excitation
effect magnitude is about half of its maximal value.
Therefore, it may be suggested that in the case of the
proteins studied the relaxation time is longer than the
emission rate. This is not inconsistent with the obser-
vation that the albumin fluorescence spectrum in the
N-form is shifted from 341 to 326 nm on freezing in
water (Permyakov and Burstein 1975). The depen-
dence of fluorescence shifts on the temperature on
freezing in water differs substantially from that de-
scribed by Eq.(1) and, probably, reflects the cooper-
ative changes in protein conformational dynamics as-
sociated with solvent crystallization. It should be kept
in mind that the tryptophan environment in a protein
molecule is not expected to be homogencous relative
to its dipolar relaxational properties and individual
relaxation rates of different groups may cover several
orders. Therefore (even with the absence of any depen-
dence of the edge effect on the temperature in the range
0°—40°C) one cannot exclude the possibility that its
magnitude reflects only a part of the whole effect which
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Fig. 3. Dependence of red-edge-excitation shifts of fluorescence
spectra on temperature. /: albumin in 0.1 M glycine buffer,
pH 3.2. 2: albumin in 0.05M tris-HCL buffer, pH 7.2 in the
presence of 10~ * M sodium dodecylsulfate. 3: protease inhibitor
in 0.2 M glycine buffer, pH 2.9
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Fig. 4. Dependence of fluorescence maxima positions on excita-
tion wavelength for single-tryptophan proteins emitting at long
wavelength. 7: f-casein in 0.04 M histidine buffer, pH 7.5.
2: protease inhibitor in 0.05 M tris-HCL buffer, pH 7.0. 3 - mye-
lin basic protein in 0.05 M ¢ris-HCL buffer, pH 7.0. 4: melittin
in water. Temperature 25°C

could be observed upon complete immobilization of
chromophore environment.

Thus, the shifts of fluorescence spectra upon red-
edge excitation are observed for several proteins emit-
ting in the medium wavelength range, they were classi-
fied by Burstein (1977) as proteins of classes I and II.

Proteins emitting in the longer-wavelength range
(341350 nm)

Of the proteins in this group we have studied f-casein,
protease inhibitor at neutral pH, myelin basic protein
and melittin at low ionic strength (Fig. 4). The data on
the dependence of A5, on A°* demonstrate that no shift
upon red-edge excitation is observed for these pro-
teins. These results are confirmed by observing no de-

pendence of I /I, on excitation wavelength. The sig-



nificant Stokes shift and the absence of the red-edge
effect indicate that the tryptophan residues in these
proteins are located in a mobile rapidly relaxing dipo-
lar environment, and 7ty <€ 5. According to Burstein
(1977) the tryptophan residues emitting in the long
wavelength range (Ay.,=348-352nm) are sur-
rounded by solvent water and are assigned to class III.
They possess spectroscopic properties close to those of
tryptophan in water, including high quenching rate by
ionic quenchers. Our results agree with such an assign-
ment. The dielectric relaxation time of free water is
known to be 107 !'-107'? s (Kuntz and Kauzmann
1974), which is substantially lower than 7. Differences
in positions of fluorescence maxima between these
proteins probably reflect the differences in interactions
with neighbouring protein groups and water mole-
cules whose motions are fast (sub-nanosecond). It may
cause differences in effective dielectric constant and
refractive index for the tryptophan environment. In
the framework of Burstein's model of discrete classes
of tryptophan residues, in S-casein and protease inhib-
itor at pH 7, besides class 111 there is a small contribu-
tion of class I, II or S chromophores.

Discussion

It is widely accepted that the fluorescence spectra of
tryptophan residues in proteins do not depend on exci-
tation wavelength. The choice of excitation wave-
length in protein fluorescence studies is often arbitrary
and ranges from the wavelength of the absorption
maximum (275—-280 nm) up to its far wavelength edge
305~310 nm. The choice of wavelength is sometimes
determined by the necessity of excluding the contribu-
tion of tyrosine residues to protein emission (at A°* >
290-295 nm) or of eliminating inter-tryptophan exci-
tation-energy homotransfer due to Weber’s red-edge
effect (Weber and Shinitzky 1970) which may be
achieved at A%* > 295—300 nm. Therefore the immedi-
ate conclusion from the results of this work is a warn-
ing: in proteins with sufficiently slow mobility of tryp-
tophan environment the fluorescence spectra may
depend substantially on the excitation wavelength
which is a result of the effect of the red-edge-excitation
shift. According to the data obtained for tryptophan in
model solid and highly viscous solvents (Demchenko
and Ladokhin 1988), this effect begins to be displayed
at A* =290 nm and increases sharply as excitation
shifts to longer wavelengths in the range 295305 nm.

It should be noted that tyrosine emission can be
observed in a number of proteins, and its contribution
depends on excitation wavelength. According to our
estimates for tyrosine and tryptophan in water the
ratio of their absorption values is maximal at 275 nm
(8™ /e"™ = 0.26), and decreases rapidly at longer wave-
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lengths. At 280 nm, ¢™"/e™™ = 0.21, at 285 nm =0.15,
and at 290 nm = 0.025. It is lower than 0.01 at wave-
lengths longer than 295 nm. In proteins, the decrease
of the tyrosine contribution to emission may cause the
shift of fluorescence spectra to longer wavelengths.
This shift takes place in the excitation range
275-290 nm and should be accompanied by a de-
crease in fluorescence bandwidth. Such a decrease was
observed in studies of human serum albumin (Dem-
chenko 1981), and no significant changes in bandwidth
were found for excitation in the range 295-305 nm.
These results demonstrate that in proteins with a sub-
stantial tyrosine contribution to emission the regions
where this contribution is not observed and where the
edge-excitation effect is observed partially overlap at
290-295 nm. In studies of proteins with no substantial
tyrosine emission, 290 nm may be chosen as the excita-
tion wavelength for routine recording of tryptophan
fluorescence spectra.

In studies of indole and tryptophan in solid and
viscous media (Demchenko and Ladokhin 1988) be-
sides the postulated photoselection mechanism (Dem-
chenko 1982) we have discussed other probable mech-
anisms which can result in the dependence of
fluorescence spectra on excitation wavelength (the
presence of any modified forms of tryptophans, photo-
selection between transitions to the 'L, and 'L, elec-
tronic states, specific complexes in the ground and
excited states) and have concluded that they do not
allow one to explain the whole effect. In proteins, in
principle, there exists one more possibilities for gener-
ation of red-edge-excitation effects. Imagine two or
several protein conformations with different trypto-
phan environments to be in equilibrium, and photo-
selection between them occurring on red-edge fluores-
cence excitation (there is a shift in absorption spectra
between them). It should be noted that different factors
can be responsible for shifts in absorption and emis-
sion spectra. The shifts of absorption spectra, as a rule,
are determined by changes in electronic polarization
of the medium, and on transition to a less polar me-
dium with higher electronic polarization there is a shift
no longer wavelengths (Demchenko 1986). The shifts
of fluorescence spectra are to a greater extent (than the
absorption ones) determined by dipolar interactions
(Lakowicz 1983), and the fluorescence spectrum at
longer wavelengths corresponds to higher polarity of
environment. Thus, if on transferring melittin from a
medium of low to one of high ionic strength, on com-
plexing albumin with detergent and on changing to the
acid form of protease inhibitor there occurs a shift of
absorption spectra to longer wavelengths, which is ac-
tually the case, then the fluorescence spectra are
shifted to shorter wavelengths. If two forms coexist in
solution, red-edge excitation should photoselect the
shorter wavelength-emitting form. However, we have
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observed the opposite effect. Therefore in our case the
chromophore microstates whose energy of dipolar in-
teraction with the environment corresponds closest to
the relaxed state are photoselected, and their emission
is shifted to longer wavelengths with respect to the
main emission.

One important area of protein research by fluores-
cence methods is the analysis of intramolecular dy-
namics (Burstein 1977, 1983; Lakowicz 1983; Dem-
chenko 1986). One common way of extracting dy-
namic information from the steady-state spectra is to
observe fluorescence shifts by inducing variations of 75
and 75 using fluorescence quenchers and variations of
temperature or viscosity and then employing Eq.(1).
In studies of native proteins the range of temperature
variation is usually limited on the lower side by freez-
ing of aqueous solvent and on the higher side by pro-
tein denaturation. Thus, for many proteins the range
for studying the native state in solution is limited to
0°-60°, which corresponds to variations of relaxation
times by one or two orders (Demchenko and Lado-
khin 1988), and for some of them is more narrow. It
follows from the theory presented above that the most
significant dependence on temperature of the positions
of emission maxima (Eq. 1) and of their red-edge exci-
tation shifts (Eq. 3) should be observed when 15 = 7.
If spectra are independent of temperature, the cases
Tg > 1r and 1y < 75 are difficult to distinguish by the
positions of maxima alone. Nanosecond time-resolved
spectroscopy is also ineffective in these cases since
time-dependent shifts could not be observed. The shift
upon red-edge excitation appears to be the most reli-
able criterion to resolve these two cases.

Employment of this criterion for our experimental
data on single-tryptophan proteins shows, that the ab-
sence or incompleteness of reorientational relaxation
of dipolar groups and, therefore, their slow dynamics
in equilibrium is a rather general phenomenon in the
studies of tryptophan residues in proteins emitting
in the medium range (classes I and II according to
Burstein (1977)). Fast relaxational mobility is typical
of long-wavelength emitting proteins (class I1I). In the
case of shorter wavelength emitting proteins (classes A
and S), the dipole-orientational broadening of spectra
is insufficient for photoselection of chromophores dif-
fering in their electronic transition energy and for the
measurable red-edge-excitation effect, thus no definite
result is obtained. The estimation of tryptophan envi-
ronment polarity on the basis of the position of fluo-
rescence spectra may be carried out only in limiting
cases of very short or sufficiently long positions of
spectra. In the intermediate cases the absence or in-
completeness of dipole-orientational equilibrium of
excited states should be considered, and simple experi-
ments on the edge-excitation shifts of fluorescence
spectra allow one to determine whether such a non-
equilibrium situation exists in a specific case. Red-edge

effects are easily observable in simple two-component
chromophore solutions (Demchenko and Ladokhin
1988), and there is a need for systematic model studies
on different environment properties (polarity, energy
of dipolar interactions, the presence of specific bond-
ing) in relation to these effects.

Red-edge-excitation spectroscopy is a method
which supplements but does not substitute for other
fluorescence approaches to protein dynamics. It can be
combined with nanosecond time-resolved and lifetime
(quenching)-resolved spectroscopy in order to gain a
better understanding of the excited state phenomena
and to differentiate dipole-reorientational relaxation
from other reactions (Demchenko 1986). This can be
easily done by applications of excitation-wavelength
resolution into time-resolved and quenching experi-
ments (Demchenko 1985; Demchenko and Shcher-
batska 1985).

It should be stressed that the approximation of a
protein interior by a homogeneous viscous medium on
which the models of relaxation are based, is far from
being realistic. In protein molecules the dynamic pro-
cesses should be more complex in view of the variety
of different mobile groups in size, correlation time and
activation energy. There exists a hierarchy of motions,
some of which are much faster and some are probably
much slower than the excited state lifetime. Therefore
there is an urgent need for methods that produce com-
plementary information which will allow analysis of
motions with different rates and testing of the relax-
ation models. Nanosecond time-resolved spectrosco-
py is of primary importance as a real-time method for
studying dynamics in cases where the shifts of spectra
occur on the nanosecond time scale. Red-edge excita-
tion spectroscopy will probably prove to be advanta-
geous in the analysis of relaxations beyond the nano-
second time range and especially in the detection of
non-equilibrium excited states.

In conclusion we demonstrate that native proteins
may show shifts of fluorescence spectra upon red-edge-
excitation. This we interpret to indicate the existence,
even within a single macro-conformation, of a popula-
tion of microstates with different interaction energies
of dipolar groups, and the existence of relaxational
motion about an excited tryptophan residue occurring
on the nanosecond or more slow time scale.
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