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Abstract

The fluorescence emission of the single tryptophan (W233) of the mutant protein DD-carboxypeptidase
from streptomyces is characterized by a red-edge excitation shift (REES), i.e., the phenomenon that
the wavelength of maximum emission depends on the excitation wavelength. This phenomenon is an
indication for a strongly reduced dynamic environment of the single tryptophan, which has a very low
accessibility to the solvent. The REES shows, however, an unusual temperature and time dependence.
This, together with the fluorescence lifetime analysis, showing three resolvable lifetimes, can be explained
by the presence of three rotameric states that can be identified using the Dead-End Elimination method.
The three individual lifetimes increase with increasing emission wavelength, indicating the presence of
restricted protein dynamics within the rotameric states. This is confirmed by time-resolved anisotropy
measurements that show dynamics within the rotamers but not among the rotamers. The global picture is
that of a protein with a single buried tryptophan showing strongly restricted dynamics within three distinct
rotameric states with different emission spectra and an anisotropic environment.
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Organic fluorophores in viscous or rigid environments
and low temperatures often show particular spectroscopic
behavior: Their wavelength of maximum emission
increases with an increase in the wavelength of excita-

tion. This phenomenon was first observed some 30 yr
ago in low temperature glasses and has since been
called the red-edge excitation shift (REES) and variants
of it (Gallay and Purkey 1970; Weber and Shinitzky
1970; Itoh and Azumi 1973, 1975; Azumi et al. 1976;
Demchenko 1981; Lakowicz and Keating-Nakamoto 1984;
Chattopadhyay and Mukherjee 1999; Chattopadhyay et al.
2003). It is now well established that REES in organized
assemblies, where it is most common, arises primarily
because of the heterogeneity of solvation sites around
the assemblies, which also contribute to inhomogeneous
broadening of the absorption spectra (Klymchenko and
Demchenko 2002; Mandal et al. 2004). An accurate
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self-explaining theoretical treatment of the red-edge
effect was given by Demchenko and Sytnik (1991b),
describing the fluorescence properties of 9,99-Bianthryl
with a two-state model. However, such a model is not
applicable to tryptophan fluorescence. In a rigid environ-
ment, such as in a vitrified polar solvent at low temper-
ature, the red-edge relaxation can be followed as a
function of time. For example, time-resolved fluore-
scence spectroscopy has been used to probe the molecular
motions at the aqueous interfaces of biological macro-
molecules and membranes. From such time-dependent
Stokes shift (FSS) experiments, it has been inferred that
water motions in the hydration layer are slowed down
by one to three orders of magnitude (Nilsson and Halle
2005). Recently, the discovery that certain ionic liquids
display REES (Mandal et al. 2004) and FSS (Mandal
and Samanta 2005) at room temperature attracted much
attention and inspired a promising theoretical model
(Hu and Margulis 2006).

In proteins, REES was first observed for human serum
albumin and, today, the same theoretical model used for
organic fluorophores is also used to explain the red-edge
effect in proteins (Demchenko 2002). A comprehensive
study on single tryptophan proteins (Demchenko 1988)
has shown that only tryptophan residues in class I and II
of the Burstein classification (Reshetnyak et al. 2001)
(lmax between 320 and 340 nm) show REES. Concerning
highly buried tryptophan residues (lmax < 320nm), the
tryptophan environment is generally considered to be too
hydrophobic to show solvent dipolar relaxation (Demchenko
2002). For peptides and denaturated proteins, REES is not
observed (Demchenko 2002) due to the high flexibility of
these residues and the rapidly relaxing solvent in the
denatured state. A notable exception is denatured spectrin
(Chattopadhyay et al. 2003), which seems to have residual
structure in the denatured state. For multi-tryptophan
proteins, it should be realized that REES could be the
trivial result of a different environment for each Trp,
leading to a heterogeneity of individual spectra and a
coupling of red excitation/red emission spectra.

In this study, we investigate the spectroscopic charac-
teristics of the single tryptophan protein DD-carboxypep-
tidase-transpeptidase from Streptomyces R61 (R61). This
exo-cellular peptidase has been used as a model for the
membrane-bound DD-peptidases involved in bacterial cell
wall biosynthesis (Frere and Joris 1985). R61 consist of
347 amino acids, two of which are tryptophan (Kelly
et al. 1985). W233 is essential for the correct fold-
ing and activity of the enzyme, while W271 could be
exchanged with lysine with no particular modification of
the protein’s biophysical and kinetic characteristics
(Bourguignonbellefroid et al. 1992). We therefore produced
the single tryptophan version of R61 by substituting
tryptophan 271 with a lysine by site-specific mutagenesis

as described elsewhere (Bourguignonbellefroid et al. 1992).
Throughout this study we will refer to R61 as the single
tryptophan version of the enzyme (W271L), if not other-
wise specified. R61 has a quantum yield (F) of 0.09 and a
fluorescence emission maximum (lmax) at 317 nm upon
excitation at 295 nm at room temperature and pH 8
(Bourguignonbellefroid et al. 1992). In this protein we
could observe a pronounced red-edge excitation shift. The
REES shows, however, an unusual temperature and time
dependence, which we can explain by the existence of
different rotational conformers (rotamers) of the tryptophyl
side chain, probing different environments. We also observe
a shift in the fluorescence lifetimes with emission wave-
length, which is attributed to nanosecond dynamics within
the rotameric states.

Results

Steady-state fluorescence of R61: The red-edge effect

In good agreement with previously published data
(Bourguignonbellefroid et al. 1992), R61 showed a lmax

of 317 nm at room temperature (RT) and pH 8 upon excita-
tion at 295 nm. According to the classification of trypto-
phan residues in proteins made by Reshetnyak and
coworkers (Reshetnyak and Burstein 2001), W233 from
R61 belongs to the class S of tryptophans, which includes
buried tryptophan residues that can form exciplexes
(hydrogen-bond complexes in the excited state) with polar
residues in the surroundings in the stoichiometry of 1:1. The
Stokes shift of R61 depends on the excitation wavelength
(Fig. 1). At 8°C, the lmax increased from 315 to 340 nm as
the lex was changed from 275 to 310 nm, producing a
remarkable large red shift of 25 nm (Fig. 1A). Note that the
majority of the REES occurs at excitation wavelengths
higher than 290 nm, such that Tyrosine fluorescence does
not contribute. This effect, which was also observed at
room temperature (data not shown), has never been

Figure 1. (A) Emission maxima of the steady-state fluorescence of 10 mM

of R61 at 8°C in relation to the excitation wavelength. All spectra were

corrected for the instrumental response and the Raman scattering of the

solution. (B) Spectra of the steady-state fluorescence of 10 mM of R61

upon excitation at 275 nm (1), 295 nm (2), 300 nm (3), and 305 nm (4).

The conditions were as in A.
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described for a tryptophan of class S in the Burstein clas-
sification (Demchenko and Lodokhin 1988; Demchenko
2002). Interestingly, the shape of the emission spectrum
also changed as a function of the excitation wavelength
as shown in Figure 1B for the normalized fluorescence
spectra of the protein at 275 nm (spectrum 1), 295 nm
(spectrum 2), 300 nm (spectrum 3), and 305 nm (spectrum
4). It is clear that the spectrum nr 1 (excitation at 275 nm)
contains a large contribution of Tyr fluorescence, since
there are 14 Tyr residues in the protein, but the other
spectra with excitations at 295 nm and higher must be due
to tryptophan fluorescence. In particular, at excitation
wavelengths higher than 300 nm, the spectra of R61
fluorescence were wider than at lower lex, and two extra
shoulders appeared at ;340 and ;350 nm (Fig. 1B). The
extra shoulders in spectras 2 and 3 eventually corresponded
to the maximum Stokes shift of the spectrum 4, after red-
edge excitation.

The fluorescence properties of R61 were also inves-
tigated as a function of temperature. The thermal stability
of R61 was calculated by measuring the temperature
dependence of the steady-state fluorescence of the pro-
tein. The unfolding of a protein containing a buried
tryptophan is accompanied by an increase in fluorescence
at 350 nm due to the exposure of the tryptophan to the
solvent. However, since the processes that quench the
fluorescence of a chromophore are temperature dependent
(Yu et al. 1995), the quantum yield of tryptophan also
decreases with increasing temperature. To compensate for
the latter effect, we plotted the ratio of the fluorescence
value at 350 nm over the value at 317 nm (F350/317) as a
function of temperature (Fig. 2A). The F350/317 of R61
was constant from 5°C to 48°C, and then it rapidly
increased to its maximum value for temperatures higher
than 65°C. This graph most likely describes the temper-
ature unfolding of the protein. The midpoint of the

transition was 55.9 6 0.2°C (after fitting to a transition
curve using Sigmaplot 8.0). Crucial to our study, we
noticed that the lmax of R61 spectra also slightly changed
with temperature (Fig. 2B). Interestingly, the lmax of R61
fluorescence decreased with increasing the temperature
and not vice versa, as usually expected in similar systems
(see below). At 48°C, which is close to the unfolding
temperature of the enzyme (Fig. 2), the lmax was 316.4
nm, .3 nm lower than the lmax at 7.5°C. This behavior
was observed at 295 nm (Fig. 2B) and 280 nm excitation
wavelengths (data not shown). Of course, at higher
temperatures a normal red shift was observed due to the
denaturation of the protein.

Time-resolved fluorescence properties of W233

The time-resolved fluorescence analysis of W233 gave
good fits to three exponential decays with x2 values of
;1.1. Three exponential fits were an improvement over
double-exponential fits, which gave x2 values of ;1.9
and nonrandom weighted autocorrelation and residual
functions. The fluorescence lifetimes were calculated
from the exponential decays at several wavelengths using
emission filters every 10(65) nm from 320 to 380 nm
(Fig. 3; Table 1). In this wavelength range, the average
lifetime (<t>) of R61 fluorescence linearly increased
from 2.70 6 0.2 ns at 320 nm to 3.83 6 0.07 ns at 380
nm (Fig. 3, inset).

The increase of <t> over the accessible wavelength
range was mainly due to two reasons: the increase of the
relative contribution of the longest lifetime to the overall
fluorescence from 320 to 380 nm and the increase of the
values of the individual lifetimes in the same wavelength
range (Table 1). gt3, for example, increased from 7.4 6

0.1 ns at 320 nm to 10.3 6 0.3 ns at 380 nm, and its
amplitude increased from 3.4 6 0.1% to 12.0 6 1.0%
(Table 1).

The measured lifetimes were then grouped in three
classes, namely t1 (shortest lifetime), t2 (medium life-
time), and t3 (longest lifetime), and the decay-class
associated spectra (DCAS) were calculated from the
contribution of each lifetime to the steady-state fluores-
cence using Equation 1. The DCAS revealed that the
three classes of lifetimes have different fluorescence
emission maxima (Fig. 4A). t2 emission was centered at
wavelengths lower than 320 nm, probably coinciding with
the steady-state lmax, and corresponded to a tryptophan in
the Class S of the Burstein classification, while t1 and
t3 showed emission maxima analogous to more solvent-
exposed tryptophans. The lmax of t1 was at ;340 nm and
the lmax of t3 at ;350 nm, corresponding to tryptophans
in the class II and class III of the Burstein classification,
respectively (Fig. 4A). The time-resolved decay-associ-
ated spectra (TRES) for the fluorescence of R61 were

Figure 2. (A) Temperature unfolding of 5 mM of R61 in TRIS-EDTA

buffer at pH 8. Every data point was calculated by dividing the value

of fluorescence at 318 nm by the fluorescence value at 350 nm upon

excitation at 295 nm. Each point is the average of four repetitions. All

spectra were corrected for the instrumental response and the Raman

scattering of the solution. (B) Temperature dependence of the maximum

emission of the steady-state spectra of R61 (conditions were as in Fig. 1A).
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constructed from the time-dependent fluorescence decays
and the steady-state fluorescence of the protein. This
allowed the plot of the time-dependent Stokes shift for
the frequency of the emission maximum [vmax(t)] as a
function of time (Equation 2). The entire Stokes shift,
from time zero to infinite time should correspond to the
observable fraction of solvation of the relaxation process.
To monitor the relaxation process we used the correlation
function (Ct) that corresponded to the normalized time-
dependent Stokes shift (Fig. 4). The relaxation process
was completed after 25 ns, and the relaxation time,
calculated from the area below the curve described by
the C(t), was 14.0 ns (Table 2). The time dependence of
the maximum Stokes shift [and C(t)] of the relaxation
process of R61 showed a complex behavior (Fig. 4B).
The maximum Stokes shift initially increased from
31,328 cm�1 (319.2 nm) at t0 [vmax(0)] to a maximum
value of 31,546 cm�1 (317 nm) after 3.0 ns and then
asymptotically decreased to 28,332 cm�1 (353 nm) at the
maximum relaxation frequency [vmax(‘)] (Table 2).

Despite the low accessibility of W233, the fluorescence
properties of R61 depended on the solvent used. The lmax

of R61 was not affected by deuteriumoxide, and the shape
of the fluorescence spectrum only slightly changed (data
not shown). Contrary to the steady-state fluorescence,
the time-resolved fluorescence of R61 in D2O, however,
suggested that water is important in the relaxation process
of the enzyme. At 320 nm, the three lifetimes were not
very different from the lifetimes measured in water. The
solvent-induced isotope effect (SIE ¼ tD2O/tH2O) of t1

was 0.91, of t2 was 1.14, and of t3 1.0 (Table 3). Upon
increasing the emission wavelength to 380 nm, however,
the SIE of t1 gradually decreased to a value of 0.79, the
SIE of t2 remained roughly constant, while the SIE of t3

increased up to 1.7 (Table 3). In D2O, the time correlation
of the maximum Stokes shift of R61 fluorescence was
similar to the solvent relaxation measured in water (Fig.
4B), but shifted to longer time. The C(t) value also
reached a maximum at around 3 ns (3.2 ns, Fig. 4B),
while the vmax(‘) value was 10 nm red shifted (363 nm,
Table 2). In deuterated solvent the relaxation process was
slightly slower than in water (20.1 ns, Table 2).

Identification of the W233 rotamers

The multiexponential time-resolved fluorescence emis-
sion from single-tryptophan protein is often linked in
terms of heterogeneity associated with rotamers of the
tryptophan side chain (see below). Using the Dead-End
Eimination method (DEE) implemented in the Brugel
software, Hellings et al. (2003) were able to measure the
relative energies of several tryptophan residues in differ-
ent rotameric states. Intriguingly, the investigators found
that virtually all tryptophan residues considered were
stable in more than one rotameric state. In most cases, the
number of clusters corresponded to the number of life-
times measured experimentally, and the amplitude of
fluorescence lifetimes corresponded well with the dis-
tance of the Ce3 atom of tryptophan to the carbonyl
peptide bond of the tryptophan residue itself. For certain
proteins, the existence of tryptophan rotamers could also
be confirmed by X-ray crystallography (Hellings et al.
2004; Moors et al. 2006).

Figure 3. Time-resolved fluorescence decays of R61 (5 mM) at different

emission wavelength in Tris-EDTA buffer at pH 8 and 22°C. The traces

were normalized to 10,000 counts. The instrument response function is

1 and the decays 2, 3, 4, and 5 are obtained using emission filters at 320,

340, 360, and 380 nm, respectively. For clarity, the decays at 330, 350, and

370 nm are omitted. The inset shows the average lifetime of the time-

resolved fluorescence decays of R61 as a function of the emission

wavelength. Excitation was done at 295 nm.

Table 1. Time-resolved fluorescence data for W233 of R61 (5 mM) at 25°C in 50 mM TRIS-EDTA buffer at pH 8

Wavelength nm a1 % a2 % a3 % t1 ns t2 ns t3 ns

320 19.4 6 0.7 77.2 6 0.4 3.4 6 0.1 1.03 6 0.04 3.01 6 0.04 7.4 6 0.2

330 25.1 6 1.6 70.3 6 1.2 4.6 6 0.5 1.18 6 0.16 3.10 6 0.08 8.5 6 0.6

340 35.3 6 3.1 58.4 6 2.8 6.3 6 0.3 1.40 6 0.24 3.37 6 0.10 9.2 6 0.6

350 44.2 6 5.6 48.2 6 5.2 7.6 6 0.7 1.58 6 0.3.0 3.72 6 0.40 9.3 6 0.6

360 48.2 6 3.6 42.9 6 3.0 8.9 6 0.9 1.62 6 0.14 4.07 6 0.30 9.9 6 0.4

370 48.8 6 1.4 40.4 6 1.2 10.8 6 0.3 1.60 6 0.08 4.16 6 0.04 10.0 6 0.4

380 51.3 6 2.1 36.7 6 1.2 12.0 6 1.0 1.65 6 0.14 4.48 6 0.24 10.3 6 0.6

‘‘a’’ represents the amplitude and ‘‘t’’ the lifetime.
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Using the DEE approach, we calculated the possible
rotamers of W233 every 10° of the x1 and x2 angles (Fig.
5; Table 4). Within the 1296 structures calculated, only
99 (7.6%) displayed a potential energy lower than zero.
The tryptophan conformations with negative nonbonded
potential energy were concentrated around three clusters
(Fig. 5). The most negative point of each cluster was
considered as a possible rotamer for W233 within the R61
structure. The rotamer with the most negative potential
energy (�28.6 kJ mol�1), R1, was the rotamer found in
the crystal structure (x1 ¼ 60 and x2 ¼ �90). The second
rotamer, R2 (x1 ¼ 60 and x2 ¼ 90), which, in comparison
to R1, displayed the indole ring flipped 180° over the x2

angle, had slightly lower potential energy (�25.1 kJ
mol�1). Finally, R3 (x1 ¼ �140 and x2 ¼ �120) was
the least stable rotamer (�14.9 kJ mol�1). The indole ring
of this rotamer was perpendicular to the position of
tryptophan in R1 and R2. (See Table 4 for the relative
orientation of the tryptophan in the three rotamers of
R61.) In the absence of other quenchers, multiexponential
decays in proteins have been explained by different
tryptophan rotamers that have different electron transfer
donor–acceptor distances between the excited state of
tryptophan and the p* antibonding orbital of the closest
carbonyl bond of the peptide backbones. From the
structures calculated for the three rotamer clusters, we
were able to measure the distance between any phenyl
carbon of the indole group of W233 and the closest
carbonyl in the surroundings of the tryptophan (Table 4).
These distances were taken as the donor–acceptor dis-
tances for the electron transfer reaction and were 3.4 Å,

3.8 Å, and 4.7 Å for R1, R2, and R3, respectively (Table
4). Fitting these distances to the empirical equation
calculated for the electron transfer rate from the excited
state of tryptophan to the nearest peptide (Adams et al.
2002) gave the theoretical lifetimes of 1.0, 1.9, and 8.9 ns
for R1, R2, and R3 respectively (Table 4).

Time-resolved fluorescence anisotropy

In order to estimate the mobility of both the tryptophan
residue and the global protein, we measured the time-
resolved anisotropy decay of R61. The best fit was
obtained using a double-exponential decay, resulting in
a fast and slow correlation time (f1 ¼ 0.73 6 0.20 ns
[25.5%], f2 ¼ 16.04 6 1.9 ns [74.5%]) and a r0 value of
0.284. For globular proteins, the rotational correlation
time is approximately related to the molecular weight (M)
of the protein by

f =
hM

RT
ðv + hÞ ð4Þ

where v is the partial specific volume of the protein, and h
is the hydration, T is the temperature in Kelvin, R is the
gas constant, and h is the viscosity. The approximated
correlation time for R61 at 293°K is 14.6 ns, which is
comparable to the slow correlation time resulting from
the fitted anisotropy decay data. Comparison of the slow
correlation time contribution with the calculated value for
the total protein points to the fast correlation time being
the result of segmental motions of the W233 residue.
The fast contribution to the overall anisotropy decay can
therefore be used as a measure of the local mobility of the
trytophan residue. Using the additivity of anisotropy
contributions and their relation to the angular displace-
ment of the fluorophore:

cos2 g =
2g2 + 1

3
ð5Þ

with g the angle of displacement reached after the fast
phase of the anisotropy decay and g2 the fractional
contribution of the slow rotational correlation time. The
displacement angle (g) can be considered as a measure of
the mobility of the tryptophan residue. For W233, this
resulted in a g value of 24°. (This is an average angle for

Table 2. Relaxation parameters of W233 of R61

vmax(0) vmax(‘) Max of vmax Time of vmax Relaxation time Observed shift

H2O 31,328 cm�1 28,332 cm�1 31,507 cm�1 2.9 ns 14.0 ns 3000 cm�1

D2O 31,104 cm�1 27,564 cm�1 31,230 cm�1 3.2 ns 20.1 ns 3500 cm�1

Figure 4. (A) Decay-class associated spectra of t1 (d, right scale), t2

(m, left scale), and t3 (s, right scale) components of R61 fluorescence.

The excitation wavelength was 295 nm and the conditions are as in Figure

1. (B) Correlation function of R61 fluorescence in H2O (d) and D2O (s)

as calculated from the steady-state and time-resolved fluorescence data

(Equation 2).
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all tryptophan rotamers. Determination of a rotation angle
for each rotamer is not possible due to the high number of
parameters involved in the model and the limited accu-
racy of the anisotropy data.) The movement of W233 in
R61 can therefore be regarded as sufficiently restricted,
such that fast interconversions between the rotameric
states can be ruled out, since a far greater angular displace-
ment would be needed to reach one rotameric position from
any other (Fig. 5). The second component of anisotropy
decay is of the same magnitude as the overall rotational
correlation time calculated for the protein. Therefore, slow
local mobility could be hidden by the rotation of the mol-
ecule as a whole.

Discussion

The single tryptophan in R61 shows very interesting spec-
troscopic characteristics. This protein not only is the most
blue-shifted protein to display a REE and the only trypto-
phan in the Burstein Class S (Demchenko and Lakokhin
1988; Demchencko 2002), but also displays the largest red-
edge effect measured in proteins to date (23.7 nm).

The time-resolved fluorescence of R61 is composed of
three lifetimes. Surprisingly, these lifetimes increase with
increasing emission wavelength (Table 1), suggesting that
the dynamics of the surrounding of the tryptophan resi-
dues are in the same timescale as the fluorescence decay.
Most of the fluorescence of R61 comes from the second
lifetime (t2), which counts for ;80% of the total
fluorescence at 320 nm and ;50% at 380 nm. The DCAS
(Fig. 4A) of R61 fluorescence show that t2 is a relatively
blue-shifted emission corresponding to the lmax of the
steady-state fluorescence (317 mn). The DCAS of t1 and
t3, on the other hand, are red shifted (lmax ;350 and
;340 nm, respectively), and their contribution increases
with increasing emission wavelength (Table 1). This
induces the fluorescence of R61 to shift in time to longer
wavelengths (Fig. 4B). Such a red shift is often inter-
preted as a ‘‘solvent effect.’’ In certain constrained envi-
ronments, the solvent dipolar relaxation time (tR) is
similar to or longer than the fluorescence emission time
(tF) and only long-lived excited molecules have sufficient

time to experience a full solvent dipolar reorganization.
The data presented here, therefore, suggest that the
relaxation process of R61 fluorescence is relatively slow
and in a similar timescale as the fluorescence emission.
The correlation function of the relaxation process of R61
fluorescence, however, did not display the usual kinetic
function (Fig. 4B). In fact, the correlation function is
expected to decay exponentially from a maximum value
at the blue edge of the spectrum to a minimum value at
the red edge of the spectrum, since the time-dependent
Stokes shift is usually considered the spectroscopic obser-
vation of the dielectric relaxation of the solvent dipoles
upon fluorophore excitation (Kinoshita and Nishi 1988;
Simon 1988; Studenov et al. 1991; Reynolds et al. 1996;
Bardeen et al. 1999). Such exponential decay is observed
in many other systems (see, for example, Chapman et al.
1990; Mandal et al. 2004; Humpolickova et al. 2005).
In this system, however, the correlation function of R61
fluorescence first showed a blue shift from 319.2 to 317
nm in the first 3 ns of the relaxation process due to the
rapid decay of a red-emitting contribution (t1). And, only
then did the expected exponential decay to the red edge
of the spectrum due to the slow dynamics of the protein

Figure 5. Distribution of rotamer clusters (R1, R2, and R3) for W233

in R61. The torsion angles x1 and x2 were plotted against the nonbonded

energy of the tryptophan residue in relation to the complete protein. The

low-energy rotameric conformations are orientated around three distinctive

clusters.

Table 3. Time-resolved fluorescence data for W233 in D2O

Wavelength nm a1 % a2 % a3 % t1 ns t2 ns t3 ns

320 28.3 6 0.6 68.8 6 0.3 2.9 6 0.7 0.94 6 0.08 3.45 6 0.24 7.4 6 0.8

330 37.9 6 2.4 60.0 6 2.1 2.1 6 0.3 1.34 6 0.06 3.79 6 0.09 10.7 6 0.4

340 49.3 6 2.2 48.3 6 1.8 2.4 6 0.4 1.42 6 0.06 3.99 6 0.09 11.8 6 0.6

350 57.2 6 1.8 40.3 6 1.3 2.5 6 0.5 1.50 6 0.09 4.36 6 0.08 13.5 6 0.9

360 65.4 6 1.6 32.2 6 1.1 2.4 6 0.5 1.47 6 0.04 4.75 6 0.06 15.2 6 1.4

370 70.4 6 0.2 27.6 6 0.4 2.0 6 0.1 1.40 6 0.06 4.85 6 0.34 15.7 6 0.2

380 76.0 6 0.5 22.5 6 0.1 1.5 6 0.5 1.31 6 0.06 5.21 6 0.2 17.9 6 2.4

Conditions as in Table 1.
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environment appear. The whole relaxation time of the
process was 14.0 ns.

A time-dependent Stokes shift is usually observed in
semi-rigid environments such as glasses, polymers, and
other organized assemblies like micelles, at low temper-
ature. As several investigators explained, this phenom-
enon is due to heterogeneity of the solvent distribution
in space and to the slow reorientation rate of the solvent
molecules around the changed excited state dipole of the
solute. In other words, different excitation energies select
different subsets of solute molecules with a specific
solvation (heterogeneity in space). The so-formed excited
states do not loose relaxation energy because of the
rigidity of the system and emit photons at relatively high
energies (blue shift). In these systems, the emission
wavelength is related to the excitation wavelength: red-
shifted lex produce red-shifted lem. Accordingly, increas-
ing the solvent relaxation rate (e.g., by increasing the
temperature or decreasing the solvent viscosity) results in
more solvent molecules having the time to relax around
the excited-state dipole of the fluorophore; thus, the
fluorescence photons should increasingly be emitted from
lower energetic states, and the emission should increas-
ingly be red shifted (Demchenko and Ladokhin 1988;
Demchenko and Sytnik 1991a; Demchenko 2002). The
temperature dependence of R61 fluorescence is, for this
reason, very surprising. The lmax of this protein de-
creased from low to high temperature, reaching its
minimum value of 316.4 nm at 48°C. This unexpected
result seems to suggest that the protein matrix around the
tryptophan becomes more rigid with increasing temper-
ature, reaching its maximum value just before the unfold-
ing of the protein. A second unexpected finding was the
shape of the emission spectra at red-edge excitation. If
multiple solvation sites are responsible for the REES
we observed here, then we also expect a homogeneous

Gaussian distribution around the lmax. The presence of
shoulders in the spectra at lex higher than 300 nm
suggests otherwise, e.g., that this system is dynamically
heterogeneous and that the spectra arise from more than
one distinct state with different reorganization energies.
Finally, since the REES and the TRES are a static and
dynamic representation of the same solvent relaxation
process, the ymax at red edge emission should be the same
as the vmax(‘), but this is not the case.

So, what is the meaning of the TRES and the REES
observed in the fluorescence of R61? We believe that
the only possible explanation of the data collected in this
study is the existence of multiple tryptophan rotamers
within the structure of the protein.

Both in solution and in proteins, tryptophan can exist
in several low-energy rotameric states: the four possible
combinations of x1 ¼ 660 and x2 ¼ 690, and the two
rotamers with x1 ¼ 0 and x2 6 90, where x1 and x2 are
the torsion angles formed by Ca–Cb and Cb–Cg of the
tryptophan. Many studies have linked the multifluores-
cence exponential decays of model compounds to the
presence of multiple conformational states of tryptophan,
which do not interconvert in the fluorescence timescale
(Donzel et al. 1974; Fleming et al. 1978; Szabo and
Rayner 1980; Chang et al. 1983; Petrich et al. 1983;
Colucci et al. 1990; Hellings et al. 2003, 2004). In the
calculations we performed, we found that W233 is
thermodynamically stable in three different conforma-
tional states, which are exposed to different environments
given by the reorganization of the protein side chains.
Each rotamer could be linked to a fluorescence lifetime,
suggesting that the fluorescence of R61 is, in fact, the
result of separate fluorescence decays of three different
pools of proteins.

As a consequence, the time-dependent Stokes shift
observed for R61 is most likely not the result of the

Table 4. Predicted thermodynamic and fluorescence information of the three R61 tryptophan rotamers as calculated
from the DEE method

rDEE indicates the distance between the Ce3 and the closest carbonyl backbone atom, and the SIE320nm is the deuterium isotope effect
(tD2O/tH2O), ASA is the solvent accessible surface in % of the maximal accessibility for a Trp side chain.
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decay of a single ensemble of molecules with different
solvation states (heterogeneity in space or heterogeneity
in the excited state), but the result of the relaxation of the
same tryptophan residue in three different conformations
with independent time-resolved fluorescence decays (het-
erogeneity in the ground state). Similarly, the REES is
probably due to an increasingly selective photo-excitation
of the tryptophan rotamer with lmax at ;340 nm. The
spectrum obtained exciting at 305 nm could then corre-
spond to the spectrum of the rotamer described by t3

(lmax ¼ 340 nm), while the shoulder at 350 nm could
correspond to the lmax of the rotamer described by t1

(lmax ¼ 350 nm). In addition, the existence of tryptophan
rotamers could also explain the counterintuitive temper-
ature dependence of R61 fluorescence. Assuming that the
shortest lifetime class has the highest nonradiate rate
constant, and that this contribution will be reduced most
prominently by increasing temperature, a red-emitting
component disappears most rapidly and a blue shift
should result.

Inspection of the structure of the tryptophan rotamers
of R61 revealed that in all three conformations, the
tryptophan resides in a hydrophobic pocket in a rather
rigid environment. No solvent is accessible to the trypto-
phan (Table 3). Therefore, the relatively high emission
maxima of t1 and t3 must be related to the reorganization
of two conserved crystal water molecules or other side
chains in the vicinity of the tryptophan. The effect of the
deuterated solvent on the time-resolved fluorescence of
R61 might suggest the predominant role of water on the
relaxation process. Molecular dynamic simulations are
currently in process to assess the role of solvent in the
relaxation dynamic of R61 fluorescence.

Conclusions

This work analyzed the complex fluorescence spectros-
copy of R61. We found strong evidence that supports the
existence of multiple tryptophan rotamers in this protein,
and at the same time, we observe a REES and time-
dependent Stokes shift for each rotamer in proteins.

We think that the unusual temperature dependence of
the lmax and the multiexponential decay of the R61
fluorescence are due to the fact that the tryptophan in
R61 exists is more than one conformation or rotameric
state, which does not interconvert during the fluorescence
lifetime of the protein. We believe that each rotamer
possesses a specific fluorescence decay, Stokes shift and
SIE; the amplitudes of which also suggest a relatively
large difference in the dipole interaction of the tryptophan
rotamers with the surroundings. The observed REES is,
therefore, most likely due to the specific photo-selection
of different rotameric populations of tryptophan with a
different lmax and a different lifetime. In this view, the

red shift of the TRES measured for R61 is due to the
uncorrelated fluorescence decays of the rotameric pop-
ulations, where the shortest lifetime arises from a rotamer
that is more red shifted than the rotamers with the longer
lifetimes.

In conclusion, we suggest that the REES and the time
dependence of the Stokes shift of R61 is not due to the
heterogeneity in the solvation of the excited state as
commonly believed, but in the heterogeneity of the
protein environment. The increase of each lifetime with
increasing emission wavelength can be explained by slow
local dynamics within the rotameric state. This behavior
is in contrast to the protein GB1, where the whole
fluorescence behavior has been explained in terms of
protein dynamics (Toptygin et al. 2006).

Materials and Methods

All chemicals were purchased from Sigma except for D-
glycogen, which was obtained from Janssen Chimica. R61 was
expressed and purified as described elsewhere (Bourguignon-
bellefroid et al. 1992). Purity was checked with SDS-chroma-
tography.

Steady-state fluorescence

Steady-state spectra with correction for the emission and
adsorption spectra were recorded using a PTI fluorimeter
(Quanta Master) in a 10-mm quartz cuvette (Hellma) closed
with a Teflon lid. The temperature was controlled by a water
bath connected to the cuvette holder and measured in the cuvette
using a thermocouple (Fluke). The signal measured was cor-
rected for the Raman scattering of the solution. The maximum
Stokes shift was calculated from the zero value of the first
derivative of the steady-state fluorescence spectrum.

Time-resolved fluorescence

Time-correlated single photon counting was used to measure
the time-resolved fluorescence of R61. The laser source was a
Millenia Pro, diode-pumped CW visible laser system from
Spectra-Physics. The picoseconds laser pulses were created
using a Tsunamimode-locked Ti:sapphire laser system from
Spectra-Physics (model 3950C/D), and the frequency was
selected at 1.6 MHz by a Spectra-Physics pulse selector (Model
3980). The so-formed laser pulses were frequency tripled to
295 nm by the Spectra-Physics prism harmonic separator (model
GWU23PL). The fluorescence traces were collected at the
magic angle (54.7°C) using a PMA 182 photomultiplier from
Picoquant with a resolution of 40 ps. The instrument response
function (IRF) was measured by recording the signal of a diluted
solution of D-glycogen using an emission filter at 295 nm. The
fluorescence decays were measured at different emission wave-
lengths using several wavelength filters spanning the emission
spectra. The filters had a bandwidth of 65 mm and were used
every 10 nm from 320 to 380 nm. Measurements on N-acetyl-
tryptophan-amide, showing one and the same lifetime at all
wavelengths of emission, showed that the color effect in the
photomultiplier is negligible (data not shown).
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The true fluorescence decay data were obtained by deconvo-
lution of the recorded data with the IRF and fitting to multi-
exponential function using the Marquardt-Levenberg nonlinear
least-squares algorithm. The software used was FluoFit v3.3
from Picoquant. The quality of the fitting was calculated by x2

values approaching unity and nonrandom-weighted autocorre-
lation and residual functions.

The decay-class associated spectra (DCAS) of the time-
resolved fluorescence of R61 were calculated using the follow-
ing equation:

Iði lÞ = IðlÞ al;itl;i=+ al;itl;i ð1Þ

where I(i, l) is the steady-state fluorescence associated to each
lifetime at a wavelength l, I(l) the overall steady-state fluo-
rescence at wavelength l, and al,I and tl,i are the fluorescence
amplitudes and lifetimes at l.

The wavelength-dependent decays and the steady-state fluo-
rescence were used to calculate the time-resolved emission
spectra at different times. From the maximum Stokes shift so
measured, the normalized correlation function C(t) was calcu-
lated using the following equation:

CðtÞ= ½vmaxðtÞ � vmaxð‘Þ�=½vmaxð0Þ � vmaxð‘Þ� ð2Þ

where [vmax(t)], [vmax(0)], and [vmax(‘)] are the Stokes shifts
in wave numbers at time t, time zero, and infinite time,
respectively.

Time-resolved anisotropy

Time-resolved fluorescence anisotropy measurements were
performed using the same experimental setup as described for
time-resolved fluorescence. The anisotropy decay was obtained
by measuring the intensity of the parallel en perpendicular
components of the fluorescence emission at 320 and 340 nm,
after excitation at 295 nm, using wavelength filters with a
bandwidth of 65 mm. The resulting data was fitted to the
multiexponential form of the time-resolved anisotropy decay
law (Weber 1977).

rðtÞ= r0 +
i

gie
�t=fi ð3Þ

where r0 is the anisotropy at time zero, and gi and fi are the
amplitude fraction and rotational correlation time for compo-
nent i, respectively (+

i

gi = 1)

Computational determination of the tryptophyl
side chain rotamers

The possible tryptophan rotameric conformations of W233 were
predicted using of a method based on the Dead-End Elimination
algorithm (DEE) (Desmet et al. 1992; De Maeyer et al. 2000)
developed in our group (Hellings et al. 2003). In order to
determine the possible rotameric clusters of W233, the trypto-
phan residue was iteratively rotated by 10° over the x1 and x2

angles, resulting in 1296 starting structures. The backbone and
the tryptophan residue were kept fixed, while the protein side
chains within a sphere of 8 Å around W233 were allowed to

evolve by molecular dynamics. For each structure, the Global
Minimum Energy Conformation (GMEC), the total nonbonded
energy (Etotnb), and the nonbonded energy of W233 in relation
to the complete protein (EWnb) were determined. These values
were used to determine the rotameric clusters. Only the
conformations with a negative Etotnb and EWnb value were
considered and plotted as a function of the considered trypto-
phan x1 and x2 angles. For these allowed conformations, the
distance between the indole Ce3 atom and the carbonyl carbon
of the peptide bond was calculated. All calculations were
performed using the Brugel software package (Delhaise et al.
1984) on an Apple G5 cluster (2 Ghz). The solvent-accessible
surfaces for tryptophan in the different rotameric states were
calculated with the ‘‘Survol option,’’ also in the Brugel software
package, using a probe sphere with a standard radius of 0.14 nm
(Alard and Wodak 1991).
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