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Abstract

Ž . Ž .The dielectric relaxation DR of human serum albumin HSA was studied by the method of phase-fluorometry.
The protein environment of the single tryptophan in HSA shows a relatively low-speed DR of sub-ns characteristic
time. This relaxation can be measured as a decaying red-shift of the time-resolved fluorescence emission spectra. The

Ž .details of calculations of time]emission matrices TEM and comparison to the fluorescence data of the reference
Ž .solution of N-acetyl-L-tryptophanamide NATA are also presented. Q 2000 Elsevier Science B.V. All rights

reserved.
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1. Introduction

The measurement of time-dependent Stokes-
shift of a fluorophore provides useful information
about the dielectric relaxation phenomena. It is
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widely used especially to study the solvation relax-
w xation 1]6 . In a protein matrix the dielectric

Ž .relaxation of the tryptophan Trp group’s envi-
ronment can be monitored by the mean of time-

w xresolved fluorescence measurements 7]21 .
Proteins often show non-exponential fluores-

w xcence decays 22]29 , which can be interpreted in
more ways. This non-exponentiality can be a con-
sequence of dielectric relaxations, excited state
reactions, heterogeneity of Trp groups being in
different conformer states, harmonic conforma-

0301-4622r00r$ - see front matter Q 2000 Elsevier Science B.V. All rights reserved.
Ž .PII: S 0 3 0 1 - 4 6 2 2 0 0 0 0 2 1 0 - 6



( )A. Buzady et al. r Biophysical Chemistry 88 2000 153]163´154

tional fluctuations of the protein, etc. The picture
is even more complicated in more Trp-containing

w xproteins 22 , in which fluorescence quenching
w x30 , energy transfer, etc., may play an important
role in forming the fluorescence decay measured.

The resulted non-exponential fluorescence de-
cay can be fitted by both discrete or continuous

w xdistributions of lifetime components 17]21,27,28 ,
reflecting the model chosen. But generally, using
three or more exponential components in the
fitting procedure, the data measured can be fitted
well within the measurements’ errors, thus many
times the fitting parameters cannot be used to
make significant distinctions between the possible
background processes. Almost the same decay
curves can be obtained using quite different
numeric values of lifetime components and pre-
exponentials. In this work we will not attribute
any quantitative meaning of these numbers char-
acterizing the decays of fluorescence emission at
different wavelengths, they just are tools to de-
scribe the true shape of the fluorescence decay.

Before a photoexcitation, the fluorophore group
is in equilibrium with its surroundings. After the
excitation, if the excited state dipole moment
differs from that of the ground state, the fluores-
cence emission start from a non-equilibrium state.
Then the protein matrix around the Trp group
adjusts its charge distribution until it reaches the
equilibrium excited state. This relaxation appears
in the fluorescence as a time-dependent red shift,
which serves as an instantaneous measure of en-
ergy difference between the ground and excited

w xelectronic states. 4,5,14
The one Trp-containing human serum albumin

Ž .HSA was the sample of our investigations. HSA
is the principal carrier of fatty acids in the blood
and the details of ligand binding to HSA have
been studied for decades. There are three struc-
turally homologous domains that repeat in HSA
w x31 . Each domain is formed by two smaller sub-
domains. The Trp residue is located in the hy-
drophobic pocket of the IIA subdomain. Trp plays
an important role in the formation of the IIA
binding site by limiting the solvent accessibility,
and it also participates in a hydrophobic packing
interaction between the IIA and IIIA interface.
The Trp’s fluorescence emission is affected by

both the surrounding protein matrix and the sol-
vent’s molecules. Both fluorescence emission and
dielectric relaxation has components not only in
the fs, but the ps]ns time scales, which is de-
tectable with our phase fluorometer. We investi-
gated the influence of solvent’s constituents and
temperature to the decays of both the fluores-
cence emission and dielectric relaxation.

2. Materials and methods

2.1. Materials

HSA and NATA were obtained from Sigma
and used without further purification.

When measuring aqueous solutions the solutes
were dissolved in 0.05 M sodium phosphate buf-

Ž .fer pHs7.0 . In the case of more viscous solu-
Ž .tion the solvent was 50% wrw glycerolrbuffer.

To maximize the emission intensity the concen-
Ž .tration of the HSA 69 kDa was set at 5 mgrml

Ž y5 .7.24=10 M . The molar concentration of so-
lutions of NATA were the same. In time-resolved
measurements the reference solution was glyco-
gen in water. Solutions of HSA, NATA and glyco-
gen were prepared freshly.

2.2. Steady-state fluorescence and phase-fluorometry
measurements

The fluorescence measurements were carried
out by a Jobin-Yvon Fluorolog t3 fluorometer. It
has a double monochromator at the excitation
side and a single monochromator at the emission
side. In the steady-state mode it works with a
single photon counting technique, in the time-
resolved operation it works as a phase-fluorome-
ter. The modulation frequency can be set between
0.1 and 310 MHz.

The spectral resolution of the steady-state
spectra was 1 nm. In phase-fluorimetry measure-
ments the spectral resolution of the monochro-
mators were:

Excitation monochromator: 2 nm.
Emission monochromator: 20 nm.
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In the cases of both steady-state and time-
resolved fluorescence measurements regular 1=
1-cm quartz cuvettes were used. To avoid fluo-
rescence of tyrosine the excitation wavelength of
295 nm was chosen. The 5-mgrml concentration
of HSA means a relatively strong absorption, thus

Ž .front face FF excitation]emission geometry was
used.

2.3. Data analysis

The time evolution of the fluorescence emis-
sion spectrum due to dielectric relaxation is char-
acterized by the Stokes shift response function
Ž .S t :

Ž . Ž .n t yn `Ž . Ž .S t s , 1Ž . Ž .n 0 yn `

where

Ž .I n ,t n dnH
Ž . Ž .n t s 2

Ž .I n ,t dnH
is the first moment of the emission spectrum at

Ž .some time. I n ,t stands for the fluorescence in-
Ž .tensity at wavenumber n and time t. n t is the

mean wavenumber of the spectrum.
The emission spectra are measured at equidis-

tant points in the wavelength space, thus the first
moment should be calculated as:

Ž . y3I l ,t l dlH
Ž . Ž .n t s , 3

y2Ž .I l ,t l dlH
Ž .where I l ,t stands for the fluorescence intensity

at wavelength l and time t. The temporal evolu-
tion of the dielectric relaxation was calculated by

Ž . Ž .fitting n t and not S t , thus neglecting the need
Ž .of assumptions for the unknown value of n ` :

Ž . Ž . w Ž . Ž .x Ž .n t sn ` q n 0 yn ` S t s
yt r t DR iŽ . w Ž . Ž .xn ` q n 0 yn ` a e sÝ i

i

yt r t DR iŽ . Ž .n ` q b e . 4Ý i
i

t stand for the lifetime components of di-DR i
electric relaxation, a stand for the pre-exponen-i

Ž .tials in S t and, b stand for the pre-exponentialsi
Ž . Ž .in n t . From Eq. 4 it is obvious that

a bi i Ž .s . 5a bj j

Ž .To be able to calculate n t we have to know
Ž .the time]emission matrix TEM of the fluores-

cence emission. Steps to be performed when cal-
Ž .culating n t from phase-fluorimetry data:

1. Measurement of phase and modulation data
at several emission wavelengths.

2. Calculation of shapes of decay curves by
Žmulti-exponential fitting generally not more

than three discrete lifetime components could
.give proper fit .

3. Calculation of TEM from decay curves and
the steady-state emission spectrum.

Ž .4. Calculation of n t .

Details of 2 , and 3.
The time-integrals of the elements of TEM

w Ž .xI n,t give the data of integrated fluorescence
w Ž .xspectrum I n measured after a short enoughIFS

excitation:

`
Ž . Ž .I n s I n ,t d tsHIFS

0

`
Ž . Ž . Ž .I n ,0 f n ,t d t , 6H

0

Ž .where I n,0 is the fluorescence spectrum at time
Ž .zero, f n,t is the decay curve at wavenumber n

normalized to unity. This decay can be written in
terms of exponentials:

Ž . yt r t ia n eÝ i
iŽ .f n ,t s

Ž .a nÝ i
i

Ž . Ž .discrete lifetime components 7
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or

`
yt r tŽ .a ¨ ,t e dtH

0Ž .f n ,t s
`

Ž .a n ,t dtH
0

Žcontinuous distribution of

. Ž .lifetime components . 8

Ž .From Eq. 6 the fluorescence emission spec-
trum at time zero:

Ž .I nIFSŽ . Ž .I n ,0 s . 9
`

Ž .f n ,t d tH
0

w Ž .Thus, the elements of TEM I n,t s
Ž . Ž .xI n,0 f n,t can be calculated from the inte-

grated fluorescence spectrum and the shapes of
decay curves:

Ž . Ž .I n f n ,tIFSŽ . Ž .I n ,t s . 10
`

Ž .f n ,t d tH
0

Ž .The I n is received from steady-state mea-IFS
surements.

The t average lifetime is also an illustrative
parameter characterizing the fluorescence emis-
sion at different wavelengths:

Ž .I n ,t t d tH
Ž . Ž .t n s . 11

Ž .I n ,t d tH

When the fluorescence decay is to be written in
the terms of exponentials, t can be calculated as:

a t2Ý i i
iŽ . Ž .t n s . 12

a tÝ i i
i

3. Results

3.1. Steady-state spectra

The emission spectrum of HSA is temp-
erature-dependent. At lower temperatures the

Ž .spectra are slightly blue-shifted Fig. 1 compared
to those measured at higher temperature. De-
creasing the temperature from 37 to 28C the
mean emission wavelength decreases by 4 nm in
glycerol solution and by 2 nm in buffer solution.
Moreover, the emission spectra of solutions con-
taining glycerol are blue-shifted compared to
emission spectra of solutions containing buffer by

Ž .3]5 nm depending on the temperature . These
observations } in agreement with time-resolved

Ž . Ž .Fig. 1. Normalized emission spectra. a HSA in buffer; b
ŽHSA in glycerolrbuffer. l s295 nm see also Sections 2.1ex

.and 2.2 .
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Ž . Ž .Fig. 2. Typical phase and modulation data measured at the blue side 325 nm, full signs and the red side 380 nm, open signs of
Žthe emission spectrum. Phase data: up triangles, modulation data: circles. HSA in buffer, l s295 nm, Ts08C see also Sectionsex

.2.1 and 2.2 .

data } lead to the suggestion that dielectric
relaxation is the main reason of these effects. In
the cases of either lower temperature or higher
glycerol content the fluorescence emission origi-
nates from higher energy states, thus the steady-
state spectra } reflecting an average of the total
fluorescence emission } are relatively blue-
shifted compared to spectra measured at higher
temperatures and at lower glycerol content.

3.2. Dipolar relaxation of HSA

As an example Fig. 2 shows F phase and m

Fig. 3. Fluorescence decays of HSA in glycerolrbuffer. l sex
Ž .295 nm, Ts68C see also Sections 2.1 and 2.2 .

modulation data directly measured by phase-
fluorometer.

From phase and modulation data the decay
curves of fluorescence emission were constructed

Žusing 2]3 exponentials to fit many times using
three exponential components cannot give notice-
able improvement compared to the two-exponen-

.tial fit . Dielectric relaxation could be observable,
if lifetimes of fluorescence emission and dielectric
relaxation would not differ by orders of magni-
tude. The fluorescence decay slows down with

Ž .increasing emission wavelength Fig. 3 because
the emission spectrum shifts toward a longer
wavelength as a function of time.

To characterize the fluorescence decay with
one parameter, one may choose the average
fluorescence lifetime. As a result of time-depen-
dent red-shift of the fluorescence emission spec-
trum the average fluorescence lifetime is shorter
at the blue side and longer at the red side of the

Ž .spectrum Fig. 4 .
Let us note that the average fluorescence

Ž .lifetime Fig. 4 increases when lowering the tem-
perature, because the rate of non-radiative
processes becomes lower. In the presence of glyc-
erol the average fluorescence lifetime is lower
Ž . ŽFig. 5 for comparison to NATA see Section

.3.3 .
Increasing the glycerol content of HSA solu-
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Fig. 4. Average fluorescence lifetime of HSA in glycerolr
buffer as a function of emission wavelength and temperature.

Ž .l s295 nm see also Sections 2.1 and 2.2 .ex

Ž .tions Fig. 6 the average fluorescence lifetime
decreases when the glycerol content exceeds 30%.

This means that in the case of 50% glycerol }
the concentration which was used in the present
study } the local environment around the Trp
residue of the HSA is changed already signifi-
cantly. The Trp is more affected by the neigh-
boring groups and the molecules of solvent }
compared to the case of 0% glycerol } the rate
of non-radiative processes is higher.

Fig. 5. Average fluorescence lifetime of total emission of HSA
Žand NATA as a function of temperature. l s295 nm seeex

.also Sections 2.1 and 2.2 .

Fig. 6. Average fluorescence lifetime of total emission of HSA
as a function of concentration of glycerol. l s295 nm,ex

Ž .Ts238C see also Sections 2.1 and 2.2 .

Typical apparent fluorescence lifetimes are
listed in Table 1. It is worth mentioning, that
decay curves differing by not more than a few
tenths of a percent from each other on the first
10-ns time-range can be created using two expo-
nentials or a stretched exponential or even a
double gaussian distribution of lifetime compo-
nents. So one should be very careful when inter-
preting a good-looking fitting result. That is why
we chose the simplest fitting function: the double
exponential.

The total fluorescence is clearly not monoexpo-
nential. This fact } which is quite general in
protein fluorescence } can be interpreted in
terms of conformational substates. Already a lit-
tle difference in the conformation of the fluoro-
phore group could result in difference of rate of

Table 1
aTypical apparent fluorescence lifetimes

Ž . Ž . Ž .l nm a a t ns t nsem 1 2 1 2

325 0.80 0.20 5.52 0.69
330 0.86 0.14 5.75 1.06
340 0.87 0.13 6.13 1.46
350 0.91 0.09 6.32 1.36
360 0.93 0.07 6.45 1.30
370 0.93 0.07 6.49 1.26
380 0.94 0.06 6.79 2.10

a Two-component fits, HSA in 50% glycerolrbuffer, l sex
295 nm, Ts68C. The error of lifetime data is "0.03 ns.
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non-radiative processes, i.e. of the fluorescence
lifetime. Finally, a non-monoexponential decay of
total fluorescence can be measured. Let us keep
in mind that the values for different wavelengths
are only fitting parameters and not attributed as
fluorescence lifetimes of different emitting
species.

From the fluorescence decay curves the TEMs
Ž .were constructed. Finally, n t mean wavenum-

bers were calculated, which describe the time-
evolution of the dielectric relaxation.

The shape of the curves of Fig. 7 describes the
decay of dielectric relaxation correctly in the first
few nanoseconds. More or less this is the time-
range where the intensity of fluorescence } the
carrier of the dielectric relaxation } decreases to
one-tenth of its starting value. Later, when the
intensity of fluorescence becomes very low, the
small differences in the longer lifetime compo-
nents of the fittings of fluorescence decays will

Ž .dominate and the move of n t in time shows
artifacts.

Ž .The decays of DR can be fitted well Fig. 8 by
not more than two discrete exponentials in the

Ž .first few nanoseconds Table 2 .
From the data of Table 2 it can be seen well,

that the lower the temperature or the higher the
viscosity of the solution is, the slower the DR is.
The faster component is between 100 and 1000
ps, the longer one is between 3 and 10 ns. These
two components appear in every DR decays re-
flecting two major steps in dielectric relaxation of
HSA around Trp. Probably, both the faster and
the slower phases of DR reflect a continuous
redistribution within and between two groups of
energetically close-lying metastable conformatio-

w xnal substates 32 . Moreover, from simulations
w x33 the existence of even faster, sub-ps } ps
components of DR are supposed.

As it was mentioned in Section 1, there are
different explanations of the results of measure-
ments. Generally, a negative pre-exponential fac-
tor of a fluorescence lifetime component con-
sidered to be an explicit appearance of an excited

w xstate reaction, as, e.g. DR 14 . It has to be
emphasized, that this statement is true only in the
case of monoexponential decay of the total fluo-
rescence. In this case an apparent fast fluores-

Ž .Fig. 7. Time evolution of n t mean fluorescence wavenum-
Ž . Ž .bers at different temperatures. a HSA in glycerolrbuffer; b

Ž .HSA in buffer. l s295 nm see also Sections 2.1 and 2.2 .ex

cence decay component having positive pre-ex-
ponential factor appears at the blue side of the
spectrum, and an apparent fast component having
negative pre-exponential appears at the red side
of the spectrum. When the total fluorescence

Ž .itself has a double or multi -exponential decay
then it is not sure at all that an apparent fluores-
cence decay component having negative pre-
exponential factor would appear at the red side of
the spectrum. It depends on the relative rates of
fluorescence and DR decays. DR will result only
in the change of pre-exponential factors and de-
cay times of fluorescence of different emission
wavelengths: the decay time components become
longer andror the longer components will have
relatively higher pre-exponential factor values at
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Table 2
aDecay parameters of DR

Temperature y a a t t0 1 2 1 2
y1Ž . Ž . Ž . Ž .8C cm ns ns

37 Buffer 28 730 51.7 54.8 4.91 0.41
Glycerol 28 820 52.3 41.4 5.43 0.61

23 Buffer 28 724 54.5 48.2 5.31 0.54
Glycerol 28 822 56.6 35.3 5.94 0.74

12 Buffer 28 734 49.3 37.3 6.21 0.93
Glycerol 28 827 52.4 29.1 6.73 1.03

6 Buffer 28 735 55.2 29.4 6.33 1.61
Glycerol 28 832 63.9 18.4 6.85 1.53

0 Glycerol 28 819 78.4 9.4 7.41 1.71
y4 Glycerol 28 821 79.2 13.2 8.17 1.90

a Ž . Ž . Ž .n t sy qa ?exp ytrt qa ?exp ytrt .0 1 1 2 2

the red side compared to the values of these
parameters of the blue side of the spectrum.
These effects can be seen well in the data of
Table 1. That is, the lack of a fluorescence decay

Ž .Fig. 8. Example for fits of n t . Decay functions and residuals.
ŽHSA in buffer. l s295 nm, Ts238C see also Sections 2.1ex

.and 2.2 .

component having negative pre-exponential is not
evidence for the missing of DR.

3.3. Comparison to spectral characteristics of NATA

For comparison, the fluorescence properties of
NATA were measured. Table 3 summarizes the
fluorescence lifetimes of NATA at three different
wavelengths.

The one-exponential fit for m and F data
measured gives excellent results at all the temper-
atures studied. The temperature dependence of
lifetime and intensity of total fluorescence of

Ž .NATA are strongly correlated Fig. 9 .
The temperature dependence of lifetime of to-

tal fluorescence of NATA can be described with
the following equation:

1 1Ž . Ž .t T s s . 13yE r kTak qk k qk er nr r nr0

Table 3
aFluorescence lifetimes of NATA. l s295 nmex

Ž . Ž .l t ns t nsem
Ž .nm Ts68C Ts238C

325 3.89 2.75
340 3.92 2.76
380 4.02 2.84

a The error of lifetime data is "0.03 ns.
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Fig. 9. Fluorescence intensity and average fluorescence
lifetime of total emission of NATA as a function of tempera-

Ž .ture. l s295 nm see also Sections 2.1 and 2.2 .ex

Fitting data of Fig. 9 yields t s1rk s20.8 ns0 r
for the average natural lifetime of NATA.

Ž .Let us note, that a slight -4% increase of
fluorescence lifetime can be found at the red side
of the emission spectrum. A possible explanation
of this effect might be that the radiative rate
constant has a frequency dependence in the case
of molecules with significant emission bandwidth.

From the lifetimes of Table 3 we should con-
clude that NATA does not show dielectric relax-
ation being in the sub-ns } ns time scale at the
temperatures applied in our measurements. In
contrast to this fact, the Trp emission of HSA has
significant time-dependent Stokes shift. The rea-
son is clearly the protein environment’s influence
on the Trp’s emission.

4. Conclusions

Strong non-exponentiality of fluorescence de-
cays of HSA was observed. From TEMs a time-
dependent red shift of the emission spectra can
be seen. These effects observed are explained by
the presence of different conformational subs-
tates having different average fluorescence
lifetimes and of DR of the protein environment
of Trp residue. The rate of DR shows tempera-
ture dependence, which makes DR as a main
mechanism probable. The composition of the so-

lution also affects the rate of DR: the higher the
glycerol content is, the slower the DR is. Besides
slowing down the conformational motions of HSA,
the glycerol changes the structures of the protein
around the Trp residue, as well. Although the
viscosity is the main parameter which is affected
by the glycerol, a relatively small change of the
dielectric constant and pH occurs, as well. More-
over, being a stabilizing agent, even larger con-
centrations do not alter the configuration of the
native fold. However, increased stability of the
protein by glycerol is achieved by inducing prefer-
ential hydration of the protein. To minimize the
chemical potential, the HSA reduces its surface
area by adopting more compact conformations
w x34 . In a more compact conformation HSA is
believed to be more rigid.

As a result, the Trp is more influenced by its
local protein and solvent environment. The rate
of non-radiative processes becomes higher, that is
the average fluorescence lifetime becomes lower.
At the same time, DR became significantly slower
according to the more compact conformations of
the protein matrix.

Two major time-components of decay of DR
are separated: a faster one between 100 and 1000
ps and a slower of approximately few nanosec-
onds. At the present quality of fluorescence decay
measurements, the decay of DR can be fitted well
with two exponentials in the first few nanosecond
time region. The recovery of possible distribution
of decay components of DR will need even more
precise fluorescence decay measurements. We at-
tribute these two, significantly different DR com-
ponents to the different scale and different fre-

w xquency motions of HSA 31,35 .
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