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The dipolar relaxation process induced around tryptophan, indole and tyrosine in viscous media, as
well as in several single tryptophan-containing proteins (staphylococcal nuclease, ribonuclease T1,
melittin and albumin), has been studied by dynamic fluorescence measurements. A new theoretical
model has been developed, including the relaxation dynamics directly in the fluorescence decay
function. The phase shift and demodulation data have been fitted with this new algorithm which allows
toresolve the different relaxation times influencing the fluorophore excited state. These parameters are
in a good agreement with those measured with the traditional time-resolved emission spectroscopy.
The results indicate that indeed a correlation exists between the radiative rate change obtained with
the new model and the temporal spectral shift reported in the literature. Finally, this new approach
has also been extended to the case of superoxide dismutase and phosphofructokinase, allowing to
measure the relaxation time even in proteins lacking a temporal spectral shift during the fluorphore’s
lifetime.
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INTRODUCTION has been ascribed to the different environments provided
by the protein matrix around its intrinsic chromophores.
Tryptophan fluorescence is extremely sensitive to Complex fluorescence decays in single-tryptophan con-
the surrounding microenvironment. Such peculiar feature taining proteins might have at least two possible expla-
makes this intrinsic chromophore of proteins a very suit- nations: static heterogeneity, due to different ground state
able probe to investigate both structural fluctuations and conformations and dynamics processes that affect the ex-
conformational changes of these macromolecules in so-cited state of the aromatic ring. An ideal experiment that
lution [1]. Tyrosine fluorescence is also widely used in allows to distinguish static heterogeneity from dynamic
protein spectroscopy, especially in the absence of trypto- heterogeneity would be the recording of the fluorescence
phan residues [2]. Generally protein fluorescence is char- decay of one single macromolecule. Although a few mea-
acterized by a complex, multi-exponential function or by surements of this kind have been reported in literature [3],
a continuous distribution of lifetimes. This heterogeneity at presentthe recording of the intrinsic fluorescence decay
from a single protein is difficult to achieve due to photo-
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reveal that even the fluorescence decay of a single pro- N-acetyli-tryptophanamide (NATA), L-tyrosine,
tein is heterogeneous, new fitting models will be required. human serum albumin (HSA), honey bee venom melit-
These models will have to take into account the confor- tin, ribonuclease T1 (RNAase-T1 froespergillus oryzae
mational dipolar re-arrangements around the excited flu- and phosphofructokinase fronbacillus stearother-
orophore during its lifetime. This relaxation process is mophilus(PFK) were purchased from Sigma.
indeed assumed to be induced by the fast increase of the Human superoxide dismutase (HSOD) was purified
probe dipolar moment upon excitation from the ground to from human erythrocytes [14]. Staphylococcal nuclease
the excite state [4]. was a generous gift from Dr. Gianfranco Gilardi (Imperial
Similar events generally produce a time dependent College, London).
red-shift of the fluorescence spectrum (known as spectral
relaxation) and an increase of the fluorescence lifetime
at longer emission wavelengths [1]. Both steady state pmethods
and dynamic fluorescence parameters are expected to )
be influenced by dipolar relaxation [5-7]. The detection Dynamic fluorescence measurements were per-
of such phenomena is obviously dependent on the time- formed at the Laboratono di Spettroscopia ai P|cosec;ond|,
course of the relaxation process. While aqueous buffers PASP (University of Rome, “Tor Vergata,” Italy) using
relaxation is usually fast (tens of picoseconds or less), the phase-shift and demodulation technique. The excita-
re-orientation of protein polar residues spatially close tiOn source was the harmonic content of a mode-locked
to the emitting species is expected to occur in the same Nd-Yag laser as previously described [15], or a frequency-
range of proteins’ intrinsic fluorescence lifetime, i.e. from Modulated xenon arc lamp. The excitation was polarized
sub-nanoseconds to nanoseconds [8]. This condition isat the “magic gnglle" to eliminate rotational effects on the
usually satisfied for fluorophores in viscous solvent [1], fluorescence lifetime measurements (1).
micelles [9], liposomes [10-11] and membranes [12]. In _ The data were analyzed by minimizing the reduced
these systems the decay rate may be, therefore aﬁected:hl-squared value with routines based on the Marquardt
by relaxation processes. A complex fluorescence decay@/9orithm [16].
may be also displayed by single tryptophan (or tyrosine-)
containing proteins in “single molecule” experiments,
since the relaxation could produce a modification of the THEORY OF DECAY ANALYSIS
emission photon probability from the excited state of the
fluorescence probe. Ensemble of Identical Fluorophores in a
In a previous paper [13] we have proposed to fit the Homogeneous and Static Environment
fluorescence decay of single tryptophan proteins with a
new mathematical model intrinsically containing the dipo-
lar relaxation effect of the aminoacidic residues surround-
ing the excited fluorophore. Despite the probabikitgf
spontaneous emission was assumed to be time-dependen
no distinction was made between the radiaiseand no
radiativeKy decay rates.

In this trivial case the fluorescence decay is a well
known monoexponential function [1]. In fact, indicating
with n(t) the number of molecules still excited at time
E, and with» = Kg + Ky the global (radiative plus non
radiative) emission probability per unit time, the following
equations hold:

In this study we have extended the model to the gen- dn(t) = —an(t) dt
eral case of independently time-dependiit and Ky n()
functions. The new model has been tested on experimen- In— = — / Adt
tal data and the results compared (when possible) with Mo
those obtained with the traditional methodologies used to n(t) = nge /4t

study the spectral relaxation effects. ] )
whereng =n(0) is the number of excited molecules at

t=0.
EXPERIMENTAL SECTION If Aisassumed to be time-independent i.e.const:
Materials n(t) = noe™*" (1)
Indole (99+%), spectrophotometric grade glycerol and the lifetime of the excited stateds=1/).
and propylene glycol were purchased from Aldrich, Merk Since the measured fluorescence intensity is propor-

and Fluka, respectively. tional to the population of the excited molecules through
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KE, the fluorescence decaf(t), is given by:

f(t) = Ken(t) = Kenge™ = foe™

()

fo being the fluorescence intensity at titne 0.

Single Molecule in a Homogeneous and
Static Environment

For a single molecule excited at timhe=0 it is pos-
sible to obtain an expression similar to Eq. (1). Indicating
with y (t) the probability at time that the molecule is still
excited and witt$(t) the probability that the molecule has
reached the ground state:

yt)+48(t)=1
If A is the de-excitation probability per unit time of the
single molecule, the decay probability in the time interval
(t=t+dt)is:
S(t+dt) —§(t) = y(t)Adt =ds

i.e. Adt multiplied by the probability that the molecule is
still excited. Sinceds = —dy, it follows that:

—dy = y(t)Adt
and
y(t) = v = e 3)
whereyy = y(0)= 1 since the molecule is excited at the
initial time.
As for Eq. (2), the probability of emitting one photon
at timet is:

f(t) = Key(t) = Kee™
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Since, at present, a quantum mechanical model is not
available to predict an analytical expression f@r), we
have attempted to fit the data assuming an exponential
decay function:

M) = hoo + (ho — Aoc)e R (5)

In this case.o = A(0) is the decay probability at tinte=0
(i.e. immediately after excitation and before dipolar relax-
ation) and., isthe decay probability attimes much longer
than the relaxation timeg. Equation (5) is very simple to
use as it depends only on three free parameltgrs{, and
7R). The integration of Eq. (4) with(t) given by Eq. (5)
yields:

_t
y(t) — eer(}LO*}Loo)e*)hocteTR()LO*)Loc)e R

(6)
and for the fluorescence decay:
f(t) = Key(t) ()

Given a single molecule experiment, the fit of the experi-
mental data (in presence of relaxation) using Eq. (7) allows
to directly obtainzo= 3= (i.e. the lifetime immediately
after excitation)z., = i (i.e. the lifetime at the very end

of the relaxation process) and the average time of the re-
laxation,zg.

Equation (7) is valid only as long asg does not
change with time. However, it is well known that during
dipolar relaxation a red shift of the emission spectrum may
occur [1,8]. Therefore, in the more general case, a time—
dependent probability for both the decay rade = Kg(t),
and the non radiative processdsy = Ky(t), must be
taken into account. Since spectral relaxation generally oc-
curs following a single or double exponential function

For a single molecule the total fluorescence decay is ob-[1,8], we have assumed:

viously obtained repeating the excitation and collecting
each time the single emitted photon. Thus, the histogram

of the arrival times is built ua posteriori

Single Molecule in a Homogeneous Environment in
Presence of a Time-Dependent Dipolar Relaxation

In this case the probability of de-excitation,is not

constant as it value changes during the lifetime of the ex-

Ke(t) = K& + (K2 - K)e =
and
Kn(t) = K+ (KS — Ki)e ®)

and, since.(t) = Kg(t) + Ky(t), the total fluorescence de-
cay can be written as:

f(t) = Ke(t)e™ /o [Ke@)+Kn@)do ©)

cited state. This effect is due to the relaxation process thatThis equation, which contains 6 free parameters
modifies the number and the efficiency of the collisions (KIQ, K,ﬂ, K, K&, ¢, ), allows to obtain the radiative,

with the surrounding dipoles. As a consequence Eq. (3) rx, and non-radiativery, relaxation times directly from

has the following more general form:
)/(t) —e f(; A()dy (4)

Thus, an explicit expression faf(t) is required to fit the
experimental data.

the fluorescence decay, without any measurements of the
spectral red-shift during the relaxation process. If the two
events (spectral and lifetime relaxation) are characterized
by a similar time-scale (i.er ~ tv), then Eq. (9) depends
only on 5 free parameters.
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It is worth mentioning that 5 free parameters are 1.0

also required in other commonly used fluorescence de- I
cay models, namely a triple discrete exponential function 0.8 E
and a double lorentzian/gaussian continuous distribution bl | :
of lifetimes [17-19]. - I

0.4
Ensemble of Identical Molecules in a Homogeneous 0.2}
Environment in Presence of a Time-Dependent -
Dipolar Relaxation 0.0 '

Equation (9), which has been obtained for a single
molecule, may be extended to the case of an ensemble of
identical molecules, simultaneously excited at tinrae0.

In fact, assuming that the relaxation process occurs in the
same way for all molecules:

0.25

0.032

f(t) = foKp(t)e Jo (Ke@+Kn(@dy (10)

<" 0.028
where fj is the fluorescence intensity at tihe- 0.

Equation (10) has been used in the present study to fit
the experimental dynamic fluorescence data of tryptophan,

tyrosine and single tryptophan-containing proteins.

0.024

time (ns)

RESULTS AND DISCUSSION Fig. 1. Fluorescence decay parameters and weighted residuals pat-
tern for NATA in glycerol at 18C. Panel a: discrete fluores-

In order to test whether the new mathematical model ¢ence lifetimes obtained fitting phase and modulation data with a
can be used to fit experimental fluorescence decays Wetriplg exponentigl de;ay functiqn. Eanel b: best fit obtgined with
. ’ 7. Ta single relaxation time function (i.etp=1ty=1) according to
have performed several dynamic fluorescence experi-gq. (10) (with K2=0.032+0.003 ns*; K =0.025+0.003 ns*;
ments on aromatic fluorophores (indole and tyrosine) and K3 =0.24+0.01 ns'; K =0.16+0.01 ns%; 1r =1.0+ 0.1 ns). In
on selected proteins, which are known to relax in the theinsets the reduced chi-squared value is reported for each fit.
nanosecond time-scale. Furthermore, a couple of single-
fluorophore proteins (whose relaxation has not yet been
demonstrated by traditional methods) have been taken into
account and their dynamic fluorescence has been inter-
preted in terms of both single and double relaxation pro-

cess.

and 3.0 ns, respectively [24]. These values are of course
too long with respect to solvent molecules diffusion, mak-
ing impossible any detection of indole and NATA dielec-
tric relaxation in aqueous buffer, at room temperature. On
the other hand the lifetime of NATA in propylene glycol
exhibits a strong dependence on the emission wavelength
[25], suggesting that dipolar relaxation around the excited

It is well known that tryptophan in water exhibits indole might become detectable in a more viscous sol-
a double exponential decay which has been ascribed tovent. We have measured the fluorescence decay of NATA
the presence of rotational isomers (rotamers) character-in glycerol at 15C and the results are reported in Fig. 1.
ized by different distances between the indole ring and Panel a and panel b represent the five free parameters used
the charged amino group [20—-23]. This intrinsic complex- in two different fitting functions: a classical triple discrete
ity of the tryptophan zwitterionic form is instead absentin exponential decay and the single relaxation function (i.e.
the indole decay and in the dynamic fluorescence of sometr = 1) described by Eq. (10). In this last case the relax-
analogues such as NATA, a tryptophan neutral derivative, ation process resulted to be characterizedhy= 1.1 ns.
which is structurally closer to tryptophan residues in pro- No statistical improvementin the fit (i.e. chi-squared value
teins [24]. Both time- and frequency-domain techniques and residuals distribution) was obtained using two distinct
have in fact demonstrated thatindole and NATAin aqueous relaxation times, i.e. separating the contributiorkef(t)
solution display a single fluorescence lifetime around 4.8 andKg(t) to the fluorescence decay (with# ).

N-acetyltryptophanamide, Indole and Tyrosine
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Fig. 2. Fluorescence decay parameters (see the legend of Fig. 1 for
details) for indole in propylene glycol af8. Panel a: triple exponen- Fig. 3. Fluorescence decay parameters (see the legend of Fig. 1 for de-
tial decay function parameters. Panel b (single relaxation functich: tails) for tyrosine in glycerol at 1. Panel a: triple exponential decay
0.029+£0.003 ns?l; KX =0014+0.003 nsl; K=026+ function parameters. Panel b (single relaxation functii@):= 0.040-
0.01ns!; KP=0.17£0.01nst; (r =2.94+0.2 ns). 0.004 ns?!; K =0.020+0.003 ns?; KJ=053+002 ns;
K®=0.21£0.02 ns'L; of = 0.48+£0.03 ns).
The emission of indole in a viscous solvent is also Tyrosine in water is known to be characterized by

known to be affected by dielectric relaxation [26—28]. The a single fluorescence lifetime [2]. In a control measure-
fluorescence decay of indole in propylene glycol also re- ment we have obtainetl=3.33 ns (?=1.07) in good
quires at least three discrete exponentials to satisfactorilyagreement with the average lifetime reported in litera-
fit the data (Fig. 2a). On the other hand, using Eq. (10) a ture (3.4 ns). A considerable deviation from a mono-
relaxation time of 3.1 ns was obtained (Fig. 2b), in good exponential decay has been instead obtained increasing
agreement with the value previously recovered with the the viscosity by addition of glycerol. In particular at least
traditional time-resolved emission spectroscopy (TRES) three exponential had to be included in the fitting func-
methodology (i.e. 2.8 ns) [27]. Also in this case a single tion in order to get a reasonable chi-squared value and
relaxation time was sufficient to fit the data. a random distribution of weighted residuals (Fig. 3a and
Unlike tryptophan, tyrosine emissionis insensitive to inset). The analysis of phase and demodulation data by a
solvent polarity: its emission occurs between 303 and 305 single and a double relaxation function suggest that one
nm in water as well as in proteins and polypeptides [2]. relaxation time is sufficient to fit the experimental points
Furthermore, the dipole moment of phenol is not particu- (Fig. 3b). Interestingly, a much faster relaxation rate seems
larly high both in the ground and in the excited state [29] to characterize tyrosine emission (0.48 ns) with respect to
making almost impossible to detect any relaxation pro- tryptophan in the same condition (1.1 ns, Fig. 1).
cess by traditional methods (i.e. TRES, edge excitation For the three examples examined, it is worth men-
spectroscopy etc. ). Since intrinsically-contained relax-  tioning that the discrete exponential function and the re-
ation in the fluorescence decay may be instead taken intolaxation model yield the same reduced chi-squared value
account using Eq. (10), we performed dynamic fluores- and similar residuals pattern, randomly distributed around
cence experiments on tyrosine under different experimen- zero, according to a gaussian statistic. Actually, the phys-
tal condition. ical meaning of a triple exponential decay is not so clear
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for both tryptophan and tyrosine. In principle, the longer 1.0 - a2

components could be assigned to the fully relaxed flu- 2 ]

orophores, while shorter lifetimes would represent the ol ; i

emission of non-relaxed and partially relaxed states. How- o | E 1

ever, this interpretation does not give any direct informa- gy -

tion on the relaxation process that involves the fluorophore 0.4 ® voioncy ot

excited state(s). On the other hand, the results reported in -

Fig. 1, 2 and 3 demonstrate that the relaxation time is 0.2

intrinsically contained in the fluorescence decay of both

tryptophan and tyrosine. Thus, in the case of viscous sol- e e

vent, the relaxation process represented by Eq. (10) is lifetime (ns)

sufficient to explain the deviation from the single lifetime

decay that instead characterizes the emission of these flu-  0-036 B 0.64

orophores in aqueous buffers. ] '
0.032 |- -5 ::‘“;‘ R I

— i g ‘jm iRAe W X
Single Tryptophan-Containing Proteins Which v AL H!'Ll ] 2
Exhibit Spectral Relaxation SRR e ofiDa
Irequancy [MHz)
Unlike tryptophan in agueous buffers, the lifetime of i

several single-tryptophan proteins is strongly dependent ~ 0.024 1018

on the emission wavelength, even at room temperature g8 5 3 4 = 8 %

[25]. In several cases, their steady-state fluorescence spec time (ns)

trum has been also found to depend onthe excitation Wave'Fig. 4. Fluorescence decay parameters (see the legend of Fig. 1 for de-
length [30]. These findings have been interpreted in terms tails) for staphylococcal nuclease in glycerol-at0°C. Panel a: triple
of slow dipolar relaxation processes which take place in exponential decay function parameters. Panel b (single relaxation func-
the nanosecond time scale and which involve the reorien-tion): K¢ = 0035+0004 ns®; K& = 0024+ 0,003 ns™; K{ =
tation of groups surrounding the tryptophan residue [30]. %63+ 0.02ns™ Ky =015£002ns7 7z = 1.594 0.05 ns).
According to this model, the protein matrix behaves as
a viscous medium, slowing down the relaxation approxi-
mately to the same time-range of fluorescence emission. In
several cases this hypothesis has been confirmed by TRESIuorescence decay may be alternatively interpreted in
experiments, measuring the time-dependent fluorescencderms of a simple relaxation process (ig= ), OC-
spectral shift. This effect is particularly evidentin proteins curring in about 1.6 ns (Fig. 4b). It is worth mentioning
emitting at intermediate wavelength values (325-341 nm) that this value indicates a good correspondence with the
[30,31]. Taking advantage of the results reported in liter- relaxation time of 1.4 ns found with the traditional TRES
ature, we have performed dynamic fluorescence on a fewmethodology [34].
single-tryptophan proteins, namely staphylococcal nucle- An excellent agreement with the literature has been
ase, RNAase T1, melittin and human serum albumin. also obtained in the case of RNAase T1. Previous mea-
Staphylococcal nuclease is a small globular pro- surements have been interpreted with a single exponential
tein (~17 kDa) whose fluorescence spectrum is centered decay, characterized by an average lifetimex®.9 ns
around 341 nm. Its emission decay in aqueous buffer [35,36]. In Fig. 5a we have reported the parameters ob-
is characterized by two or three different components tained with a triple exponential decay law, which in fact
(t1 <1 ns; 1, ~2-4 ns;13~5-6 ns), as shown by both  displays a predominant component centered at 4 ns. Re-
frequency- and time-domain techniques [32,33]. The dy- cently, it has been shown that the spectral relaxation of
namic fluorescence of staphylococcal nuclease in viscousRNAase T1 also occurs with a simple exponential func-
solvents is known to be strongly dependent on tempera-tion (tgr ~ 700 ps) at 20C [1]. In order to test whether
ture and spectral relaxation has been proved to occurin theit is possible to obtain the same result directly from the
nanosecond time range [34]. In principle, the phase and de-protein dynamic fluorescence, we fitted phase and demod-
modulation data at low temperature may be fitted accord- ulation data of RNAase T1 according to Eq. (10). The re-
ing to a triple exponential function, as shown in Fig. 4a. sults, shown in Fig. 5b, demonstrate that the relaxation
However, using the same number of free parameters, theprocess may be characterized by a single relaxation time
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1.0 & that at room temperature the fluorescence emission is due
o - to fully relaxed states. This explains why the effect of re-
il 1 N laxation on tryptophan fluorescence in the two proteins
& §° ﬁ\ﬁﬁ.ﬁi was observed under very different physico-chemical con-
- 2 ditions, i.e. a much higher viscosity and low temperature
0.4 | i o in the case of staphylococcal nuclease.
e Though a single relaxation process was sufficient to
0.2 fit the data of both RNAase T1 and staphylococcal nucle-
N ¥ . . ase, this approach might not be valid for other proteins.
"0 1 2 3 4 5 & 7 8 In fact, due to the large set of different movements char-
lifetime (ns) acterizing the protein matrix around the fluorophore, the
relaxation process might be more complex, requiring more
b relaxation times. This hypothesis has been confirmed in
0.0300 |- - the case of at least two proteins, namely melittin and HSA.
o pam ' Melittin is a small protein of 26 aminoacids that is
. D A" m 1 0.226 known to exi_st in an_unfolded monomeric fo_rm_ in wa-
2 £ .\mmu'ﬂ‘h W | 2 ter. Under this condition the fluorescence emission of its
* - - single tryptophan residue is in fact red-shifted360 nm)

0.0292 | " vooncy k) and does not show any dependence on the excitation wave-
] length [30]. On the other hand, the formation of a folded
' tetrameric structure has been observed upon increasing the
0.0288 . 1 1 T 1 0.220 . . . . . .
o 1 2 3 4 5 6 7 8 ionic strength of the solution. In this oligomeric form the
time (ns) fluorescence emission is shifted to shorter wavelengths
Fig. 5. Fluorescence decay parameters (see the legend of Fig. 1 for 2Nd displays a relevant red-edge effect already at 20—
details) for RNAase-T1 in sodium acetate buffer (100 mM, pH 5.5) 25°C [30]. Furthermore, time-resolved spectroscopy mea-
at 8C. Panel a: triple exponential decay function parameters. Panel syrements revealed that the spectral shift during the ex-
b (single relaxation function):Kp=0.030+0.004 ns’; K@= cited state lifetime is strongly temperature dependent [39].
002920003 ns' ; Kyy=0.23+002 ns™; Ky =022+0.02 ns™ These features have been ascribed to dipolar structural re-
1R = 0.57+0.03 ns). : : p :
laxation of the tryptophanyl environment, characterized
by relaxation times in the nanosecond range. A rele-
vant dependence of the emission decay on the excitation
(tr =t =0.57ns), whichisindeed very close tothe value wavelength was also observed for monomeric melittin in
obtained using the traditional TRES methodology [1]. methanol [7]. In this case a double exponential function
Among the other parameters which characterize the was used to represent the time-dependent shift of the emis-
fitting function described by Eq. (10), the time dependence sion spectrum [1,8].
of Kg also correlate fairly well to the result of TRES mea- We have measured the fluorescence dynamics of
surements. For example, the time chang&efis much tetrameric folded melittin in order to recover information
smaller for RNAase T1 (Fig. 5b) than for staphylococcal on the dipolar relaxation process directly from the emis-
nuclease (Fig. 4b), paralleling their spectral relaxation, sion decay. In particular, phase and demodulation data

which is known to bex44 cnt! [1] and~600 cnt! [34], were fitted according to Eq. (10) with botia = 7y and
respectively. e # 7N. In the first case the same chi-squared value of
This coincidence also suggests tliat(t) is strictly a traditional triple-exponential fit was obtained.2),

correlated to the structural properties of the environment yielding weighted residuals which were not distributed ac-
surrounding the tryptophanyl residue in the two proteins. cording to a gaussian statistics as revealde by the Smirnov-
In RNAase T1 Trp 59 is quite immobilized [37] and lo- Kolmogorov test [40]. Better residuals patterns and sig-
cated in a rather hydrophobic pocket of the protein ma- nificantly lower chi-squared values were instead obtained
trix, mainly consisting of apolar residues [38]. Thus, in with a double relaxation fit, in whiciKg(t) and Ky(t)
buffer, at 20C, the protein displays a very blue-shifted have an independent time-course (Fig. 6b). Indeed the re-
(=325 nm) fluorescence spectrum [35]. On the other laxation time associated #dr(t), tr, is ~5 times larger
hand, several groups surrounding the single tryptophanthanty, suggesting that the relaxation process is proba-
of staphylococcal nuclease (Trp-140) are polar and dis- bly rather complex and consists of a hierarchy of different
play a high degree of segmental mobility [34], suggesting processes. Similar results were also obtained for folded
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Fig. 6. Fluorescence decay parameters (see the legend of Fig. 1

for details) for tetrameric melittin (in Tris HCI, pH 7.5, 0.2 M
NaCl) at 15C. Panel a: triple exponential decay function parame-
ters. Panel b (double relaxation function, ite. # n: K2=0.023+
0.003 ns?t; K2=0016+0003 ns!; K{=112+0.09 ns?;
KR®=0.254+0.03 ns: g =3.28+0.06 ns;zy =0.71+0.05 ns).

Fig. 7. Fluorescence decay parameters (see the legend of Fig. 1
for details) for HSA (in K-phosphate buffer, pH 6.0, 50 mM)
at 200C. Panel a: triple exponential decay function parameters.
Panel b (double relaxation function, i.er # tn: K2=0.028+
0.002 ns?!; K =0.024+0002 ns?; K3=070+003 ns*;

KQ® =0.16+0.02 ns'!; 7r = 0.4240.02 ns;zy = 1.86+0.08 ns.

melittin in ethanol (data not shown), confirming the occur-

rence of relaxation also in the folded monomeric protein, gitterent substates could induce a continuous distribution
as recently reported by red-edge measurements in the time,¢ o |axation times has been also suggested [41], but not

domain [7]. yet demonstrated since more accurate measurements are

_This heterogeneity is not a unique feature of the ponapiy required. Our results are in line with this hy-
melittin molecule. For example, Bady and coworkers  hiheis since a fit of the protein dynamics in terms of

[41] have recently demonstrated that also human serumy ique relaxation process yielded a much higher chi-
albumin displays a complex red-shift decay of the time- squared value~1.8). Furthermore, with respect to the

resolved fluorescence spectrum. In particular they have gy hroteins that we examined, HSA exhibits the largest
found that dielectric relaxation of HSA in buffer, at  yigterence between the radiative and non-radiative pro-
~20°C, occurs according to a double refaxation process, .esses (more than on order of magnitude), suggesting that

characterized by both a fast0.5 ns) and a slows5nS) 4,5 events affecting the tryptophan excited state are char-
component [41]. We have also studied the excited state ;arized by quite different time scales.

dynamics of HSA using the phase and demodulation tech-
nique, fitting the data with the new approach. The results,
reported in Fig. 7, point out to the presence of at least two
relaxation times £0.3 and~4 ns), in close agreement
with those previously found [41]. The presence of such a
complex dynamics in the case of HSA has been ascribed All the examples just discussed dealt with proteins
to the different extension and frequency of the local seg- displaying spectral relaxation in the nanosecond time
mental movements of the tryptophan environment [41]. range, as revealed by the traditional TRES methodology.
As a borderline case, the possibility that a hierarchy of Inno case asingle fluorescence lifetime characterized their

Extension of the Relaxation Decay Model to Other
Single Tryptophan-Containing Proteins
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emission decay and this finding was previously ascribed 1.9 a
to the presence of multiple conformational substates. On sl p w103
the other hand, we have shown how this dynamic fluores- g /\/'\...M’; -
cence heterogeneity may be alternatively explained intro- o.6f i, L /N
ducing the dipolar relaxation process directly inthe decay = | [ ]
function. I P sy

In this section we want to extend this new approach 0.21
to the case of two single tryptophan-containing enzymes, %5 J . 1 . . .
namely HSOD and PFK. Despite in these two cases the o 1 2 3 4 5 6 7 8
presence of dipolar relaxation effects has not yet proved, listime (ne)
we have recently shown that it is possible to fit the flu- [ ]
orescence dynamics of both PFK and HSOD in terms of ~ %%%° _ Tossn
a time-dependent emission rate function [13]. In PFK, i o T ]
Trpl79 is not accessible to water molecules and its mul- . *%%*[ i /N Afbn\. {030
tiple exponential decay was previously attributed to dis- <* I g'; / N i’ ] =
tinct conformational substates characterizing the trypto- e b - 1°%
phan microenvironment [42]. As shown in Fig. 8a and b, 3 trequancy (ki) Ho0.20
no qualitative distinction can be made between a multiple R e AR T
exponential decay function and a single relaxation model
(no improvements were obtained using a double relax-
ation process). A very small change in tke value was — C
obtained (Fig. 8b), suggesting that most of the effect is A TS
due to the non-radiative componeitty) and providing a —— : | S—
reasonable explanation for the absence of negative ampli-= i ; s B
tudes in the longer lifetime range. x* o 5’:; Jo2s =

The dipolar relaxation process in PFK has been also i
studied by increasing the solvent viscosity but no relevant sigsl 70-24
effect was observed in the presence of glycerol (Fig. 8c). E e v e v e a g

0.0 2.0 4.0 6.0 8.0

This finding may be indeed explained on the basis of the
enzyme tridimensional structure, considering the reduced
solvent accessibility to the environment of Trp179. Fig. 8. Fluorescence decay parameters (see the legend of Fig. 1 for de-
Inthe case of HSOD the tryptophan residueis instead tails) for PFK at 20C. Panel a: triple exponential decay function p?ram—
located on the external protein surface and displays a sub ewrs Panel b (single reiaxat(')on functiok = 0. 012 512004 ns
=0.022+0.002 ns!; K} =037+£005 ns?; K =018+
nanosecond segmental mobility [14] in a quite restricted 002 nsl m= 0.97+ 0.07 ns_ Panel ¢ PFK in g|ycero| (sin-
(~15-20 deg) cone semi-angle [43]. The emission decay gle relaxation function):K2 = 0.025+ 0.004 ns!; K = 0.022+
is complex and in fact one continuous distribution of life- 0.002 ns; K§ = 0.37+0.02 ns'; K =0.22+0.02 ns%; r =
times centered around 2.25 ns was previously used to fit1-10+0.07ns.
the data [14]. The results of more recent experiments are
reported in Fig. 9a and b and demonstrate that dipolar
relaxation could also explain the protein fluorescence het- larity) and the relative mobility of the tryptophan residue
erogeneity. At variance with PKF, a much stronger effect with respect to the surrounding groups are expected to in-
of glycerol was observed on the fluorescence dynamics fluence dramatically the spectral relaxation. In this regard,
of HSOD (Fig. 9c). In fact a double relaxation model was we have compared the temporal spectral shift, (when
required to fit the data yielding very different valuesfgr available from the literature) to the radiative rate change,
andze. Another opposite feature that distinguishes the two AKg, that we have obtained using Eq. (10). The result,
proteins’ behavior is the different extent of the radiative reported in Fig. 10, demonstrates that indeed a correla-
rate changeAKg = K2 — K (cfr. Figs. 8 and 9), espe-  tion exists between the two parameters, thus providing
cially in the presence of glycerol. Despite a more detailed further evidence that our new model is consistent with
experimental analysis is required to explain quantitatively the time-resolved spectra obtained in the past in the same
thisresult, itis clear that the tryptophan microenvironment experimental condition.
plays a fundamental role in the dipolar relaxation process. In conclusion we have reported several examples of
In particular, the local dielectric constant (i.e. the local po- single probes in viscous media as well as in different

time (ns)
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Fig. 9. Fluorescence decay parameters (see the legend of Fig. 1 for
details) for HSOD at 20C. Panel a: triple exponential decay function
parameters. For comparison the lorentzian distribution previously ob-
tained [14] has been also reported. Panel b (single relaxation func-
tion): K2 = 0.025+0.004 nsl; K& =0.024£0.002 ns't; K =
0.65+ 0.07ns'}; K = 0.404 0.02nsL; g = 0.86 4 0.06 ns. Panel

c: HSOD in glycerol (double relaxation function}{E =0.028+
0.005 ns!; K =0.009+0.003 ns'; KJ =165+0.08 ns?;

KR =043+ 0.02 nsL; ¢ = 4.66£0.08 ns;ry = 0.33£0.02 ns.

proteins whose dipolar relaxation has been evaluated di-
rectly from the fluorescence emission decay. With respect
to the TRES methodology the new approach may offer
the following advantages. i) The relaxation time can be
directly obtained from the fluorescence decay; ii) the two
contributions of the radiative and non-radiative decay rates
can be resolved, allowing to detect dipolar relaxation ef-
fects also when the temporal spectral shift,, is very
small, due to the peculiar physico-chemical characteristic
of the tryptophan environment; iii) it provides an alterna-
tive explanation forthe complex emission decays observed
in single tryptophan-containing proteins.

Mei, Di Venere, Agro, De Matteis, and Rosato

0.020

—y = 0.0014128 + 0.001419x R= 0.97716

0.015

0.010

-1
AKF(ns )

0.005

0.000

10

AM(Nm)

Fig. 10. Linear correlation between the radiative rate chargéy, and

the spectral relaxation shify 1 (wherex correspond to the spectral cen-
ter of mass). Symbols correspond to the following samples: RNAase-T1
in buffer (empty circle); albumin in buffer (filled circle); staphylococ-
cal nuclease in buffer (empty square); melittin in buffer (filled square);
staphylococcal nuclease in glycerol-a40°C (empty triangle); indole

in propylene glycol (filled triangle).

This last result might have critical consequences in
the interpretation of the dynamic fluorescence data. Infact,
excited state interactions that characterize the tryptophan
photo-physics [24,44] are local processes. In particular,
dielectric relaxation involves a restricted area around the
tryptophan residue and it is not necessarily correlated to
the much larger protein conformational changes generally
invoked to justify a multiple exponential and/or a contin-
uos distribution function for data analysis.
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