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bstract

Fluorescent dye alexa-fluor-594 was fixed to biotin with a spacer chain of four atoms. The static, dynamic fluorescence and fluorescence
olarization properties of the avidin/labeled-biotin conjugate were investigated and compared with those of free fluorescent dye and directly

abeled avidin. With 0.8 label on the average per avidin, one single fluorescence lifetime and one single correlation time related to the actual protein

otion were recorded. Moreover, the excited state fluorescent probe is stabilized in the conjugate, with a quantum yield of 0.87, by slowing down
he non-radiative processes, while fluorescence lifetime and fluorescence quantum yield increase by 10%, with respect to free alexa-fluor-594.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The understanding of protein–protein and protein–surface
nteractions at interfaces is relevant to many topics: studies
n transfer through biological bilayer membranes as well as
ndustrial synthetic membranes [1], manufacturing biosensors
ike microchips [2,3] devoted to protein identification, health
nd environmental sciences for prion adsorption in soils [4].
he analysis of interaction processes requires data on inter-

acial concentration, protein conformation [5–7] and dynamic
ehavior of proteins at interfaces [8]. Dynamic aspects which
ive access to protein motion during and after the adsorption
rocess have been much less studied [9,10]. Time resolved flu-
rescence and steady state fluorescence polarization can give
mportant information on molecular environment and motion

f molecules [11,12]. Generally however, intrinsic or extrin-
ic fluorescence of protein does not permit an easy access to
rotein rotational motion and environment. The analysis of the
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ntrinsic fluorescence properties in molecular dynamics studies
s not easy because the protein involves many tryptophans with
ow fluorescence quantum yield [13], and most of them with

ultiple fluorescence lifetimes [14] depending on the environ-
ent. Fluorescence anisotropy of tryptophans generally relates

o the polypeptide chains motion rather than to the global protein
otion. Such kind of study however was carried out with enough

ccuracy to determine the conformational state of the inhibited
orm of Subtilisin 309 adsorbed on particles of hydrophilic silica
nd hydrophobic Teflon [15]. Previous works analyzing fluores-
ence properties at flat interfaces considered the Total Internal
eflection Fluorescence (TIRF) technique with polarized beam

o determine the orientation of molecules. Care was taken to be
ure that the fluorescent probe orientation with respect to the
olecule was constant to make conclusions on the molecule

rientation with respect to the adsorption surface [16,17]. Slow
otational motion was assumed in the interpretation of the data.
luorescence anisotropy technique is a useful tool to check this
ssumption. In addition, since it is a goal to study protein interac-
ions at the microscopic level using confocal microscopy, where

he volume under examination is of the order of 1 fl (1 �m3), a
abeled protein whose photophysics is simple and well defined
ith a high quantum yield is required to get a significant signal.
uture work about its behavior in interaction with surfaces is
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onsidered. The most convenient protein should have one single
uorescent lifetime, a high fluorescence quantum yield and one
ingle correlation time.

To study the rotational Brownian motion of protein, the direct
abeling commonly used in fluorescence microscopy is not judi-
ious, because the probe is located outside the protein and
enerally rotates freely, which means that it is no longer cor-
elated to the protein movement. During the past decade the
evelopment of fluorescent proteins as molecular tags [18] like
reen fluorescent protein [19] (GFP) or dsRed [20] were not
deal as GFP has two fluorescence lifetimes [21] and dsRed two
orrelation times [22]. Finally, we considered to locate the probe
s close as possible to the protein surface. For this purpose, we
sed the high affinity of a protein for its substrate, the latter
earing the fluorescent label.

The avidin–biotin molecular recognition system has many
ses in both research and biotechnology [23]. Avidin is a
lycoprotein [24] having a molecular weight 66,000 g mol−1,
f dimensions [25] 5.6 nm × 5.0 nm × 4.6 nm, composed by 4
dentical 128 amino-acids subunits [26]. The very important
eculiar feature of avidin is its high affinity for biotin [27]
KA = 1015 M−1) which permits many kinds of labeling via
iotin modifications. The four avidin sites of biotin fixation are
quivalent, so the fluorescence of the labels should be the same
hichever its location on the tetramer, and chemical routes for
iotin modifications much simpler than those linked to genetic
rotein modification [19].

Nevertheless, prior to use the avidin–biotin system, we
ave to consider the possible fluorescence quenching by avidin
28,29] as it occurred for many dyes such as fluorescein or Cy5
ith 4 or 14 atoms spacers [28,30,31]. On the contrary, the alexa
uor dye [32] (Molecular Probes) is not quenched by the forma-

ion of biotin fluorescent dye avidin complex with a 14 atoms
ong spacer [33]. Choosing a shorter spacer than 14 atoms, it is
upposed that the movement of the protein will be probed by the
hromophore, hopefully without quenching.

Thus, the aim of this work was to find out with alexa fluor dye
simple convenient avidin labeling route leading to high fluo-

escence quantum yield, single fluorescence lifetime and single
orrelation time related to the protein motion. Moreover, the
abeling should provide information on the change in the local
olarity of the medium surrounding the protein and its motion.
nowledge of the photophysical properties of the conjugate is
bviously essential to evaluate the labeling route. In this paper,
e present three different labeling procedures of avidin. The first
ne is the direct labeling of avidin by alexa-fluor-594 (A-al). The
wo others correspond to labeling by formation of avidin–biotin
onjugates, via biotin ethylenediamine (A-B4al) and biocytin
A-B7al).

. Experimental

We used purified avidin (Sigma, Fluka No. 11368),

iotin ethylenediamine (Sigma A5223, as N-(2-aminoethyl)bio-
inamide hydrobromide), biocytin (Sigma, B4261), Na2HPO4
nd NaH2PO4 (Sigma) and alexa-fluor-594 succinimidyl ester
Labeling kit A10239, Molecular Probes, Eugene, OR) as

2
a

B
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eceived. Buffer PBSA pH 7.4 contained 100 mM sodium phos-
hate and 1.5 M NaCl in de-ionized water (MilliQ system, Mil-
ipore). Buffer PBSB was buffer PBSA diluted 10 times.

.1. Direct labeling of avidin (A) with alexa (al): A-al

The labeling reaction of avidin (A) with alexa-fluor-594 (al)
uccinimidyl ester was achieved according to Molecular Probes
ecipe provided in the labeling kit. Avidin (0.18 �mol) was dis-
olved in 1 mL PBSA (pH 7.4) and mixed with 150 �L 1 M
icarbonate solution. Bicarbonate, pH 8.3, is added to raise the
H of the reaction mixture, since succinimidyl esters react effi-
iently at pH 7.5–8.5 (Molecular Probes notes). This solution
as poured on lyophilized alexa-fluor-594 succinimidyl ester

0.37 �mol), and the mixture stirred at room temperature 1 h
o get the product A-al. To separate some alexa not bearing
he succinimidyl group (10% mol/mol according to the com-
any), which did not react with avidin, and alexa-labeled avidin,
ll mixture components were separated by chromatography on
esin provided in the same kit. The maximal final mean num-
er of labels per avidin molecule is 1.8. Assuming the loss by
ydrolysis to 30% as for reaction with biotin ethylenediamine
see below), the mean number is more likely close to 1.3

.2. Labeling of avidin(A) via labeled biotin
thylenediamine (B4al) and labeled biocytine (B7al):
-B4al, A-B7al

The reaction routes for attachment of alexa-fluor-594 to biotin
re represented in Scheme 1. Preliminary experiments focused
n the experimental conditions to minimize the percentage of
he hydrolysis. We will present successively (i) the optimized
rocedure for the reaction of biotin ethylenediamine with suc-
inimidyl ester to limit hydrolysis to 30%, (ii) the labelings of
vidin with the fluorescently labeled biotin and biocytin and
nally and (iii) the yield of the reaction of the labeled biotin and
iocytin with avidin.

.2.1. Determination of the percentage of hydrolysis
Biotin ethylenediamine (0.16 �mol) was dissolved in 100 �L

BSA (pH 7.4) and mixed with 10 �L 1 M bicarbonate solu-
ion, as recommended by the provider (see above). This solution
as poured on lyophilized alexa-fluor-594 succinimidyl ester

0.145 �mol), and the mixture stirred at room temperature 1 h to
et the product B4al. Then the mixture was analyzed by HPLC
n �bondpack C 18 (Waters) reversed phase chromatography
olumn, with water/ethanol (1/1) as eluent (flow 0.6 ml min−1)
nd fluorescence at 610 nm as means of detection (Waters 474).
n such conditions, we obtained (Millennium 32 waters soft-
are) 30% (mol/mol) hydrolysis (Fig. 1). No changes in the
gure occurred when using 50 �L instead of 10 �L of bicarbon-
te solution.
.2.2. Labeling with biotin–ethylenediamine
lexa-fluor-594 (B4al)

The previously determined conditions were repeated to get
4al. Biotin ethylenediamine (0.16 �mol) was dissolved in
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Scheme 1. Reaction of the two biotin derivatives with

Fig. 1. Chromatograms for analysis of the succinimidyl ester hydrolysis: (a)
ester at time 0; (b) after 1 h reaction with biotin ethylenediamine; (c) after com-
plete hydrolysis (3 h), without biotin ethylenediamine.
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alexa-fluor-594 to get biotinylated fluorophores.

00 �L PBSA (pH 7.4) and mixed with 10 �L 1 M bicarbonate
olution. This solution was poured on lyophilized alexa-fluor-
94 succinimidyl ester (0.145 �mol), and the mixture stirred at
oom temperature 3 h to get the product B4al. The molar excess
f biotin ethylenediamine (B4) with respect to alexa was chosen
o avoid the subsequent possibility of direct labeling of avidin.
aking into account the hydrolyzed fraction, the amount of B4al

s 0.7 × 0.145 = 0.10 �mol. Then, the solution was added to an
vidin solution (270 �L at 0.18 mM, 0.05 �mol) in phosphate
uffer (PBSA), corresponding to a theoretical molar ratio fluo-
escent biotin/avidin of 2. The mixture was stirred during 1 h.

e can expect the biotin ethylenediamine excess to be com-
lexed with avidin in the second step. All mixture components
ere separated by chromatography on resin provided in the kit

BioGel P-30 Fine size, Bio-Rad). The chromatographic column

eparates the protein (avidin, avidin with B4al or B4) from the
ther smaller compounds present in the mixture. The fluores-
ence analysis by excitation at 584 nm is relative only to A-B4al
see Fig. 2, below).
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Fig. 2. Excitation spectrum with emitted fluorescence measured at 620 nm
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i⊥(t) = s(t)[1 − r(t)] (5)
gray) and fluorescence emission measured with excitation at 590 nm (black).
pectra of alexa ( ) and A-B4al ( ). Spectra of A-al, B4al and A-B7al are
uperposed to the alexa spectra.

.2.3. Labeling with biocytine–alexa-fluor-594 (B7al)
The previously described procedure for labeling via biotin

thylenediamine was also applied for labeling via biocytin.

.2.4. Yield examination of the coupling between avidin
nd fluorescently labeled biotin

The fraction of B4al (and B7al) coupled with avidin were
etermined from the absorbances at 584 and 282 nm.
lexa absorbs at 584 nm (ε = 78000 M−1 cm−1) and
82 nm (ε = 42126 M−1 cm−1). Avidin absorbs at 282 nm
ε = 96000 M−1 cm−1). Taking into account the hydrolyzed
raction, the yield of the coupling reaction between avidin and
4al was only 65%, instead of an expected value near 100%
s indeed observed with B7al. It corresponds anyway to the
raction of the 1–3 isomer in the mixture of the two isomers 1–3
nd 1–4 and impurity, according to the provider. This would
uggest that the 1–3 isomer might be the only one involved in
he conjugate with the protein. In the case of labeling with B7al,
he 100% yield of attachment is probably due to the longer
hain which avoids too strong steric constraints. Working with
elative molar amount alexa/avidin of 2, with 10% impurity
nd 30% hydrolysis of succinimidyl ester, the mean number of
abels per avidin molecule is 0.8 for A-B4al and 1.3 for A-B7al.

.3. Absorbance and fluorescence analysis

Absorption spectra were recorded on a Kontron (Uvikon
40) UV–vis spectrophotometer. All buffers used for absorp-
ion measurements were filtered on microfiltration membranes
Millex 0.1 �m, Millipore). Fluorescence spectra were obtained
n a Spex (Fluorolog 1681) spectrometer at a scanning rate
f 2 nm s−1. For quantum yield measurements, a solution of
hodamine B in ethanol was used as reference (fluorescence
uantum yield 0.49) [34]. All experiments were carried out at

9 ◦C. The time resolved fluorescence decays were obtained by
he technique of time correlated single photon counting [35].
he excitation wavelength was provided by a cavity dumped

Spectra Physics 344) rhodamine 6G dye laser (Spectra Physics

o

s
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75) that was synchronously pumped by the 82 MHz output of a
ode locked argon ion laser (Spectra Physics 2030). The excita-

ion pulse duration is estimated for such a device at about 20 ps
FWHM). For UV excitation, we used for second harmonic gen-
ration a frequency doubler (Spectra Physics 390).

Fluorescence emission was collected through a chain of opti-
al components: polarizer, half-wave plate to get similar sen-
itivities for normal and parallel polarized emission detections,
ouble monochromator (Jobin-Yvon DH10) and photomutiplier
ube (PM) (Hamamatsu H7313) optimized for photon counting.
he measured instrument response time (160 ps) is limited by the
M tube FWHM. The excitation frequency was set to 800 kHz
nd the count rate limited to 4 kHz. In such conditions, mono-
xponential decays were collected when using rhodamine 6G as
tandard.

. Theory and calculations

Lifetimes and correlation times were extracted from the
xperimental decay curves by the use of a program using the
evenberg–Marquardt algorithm [36].

Assuming a linear response of the apparatus, the experimental
ecay curves F(t) were fitted by convolution [37] of a calculated
uorescence decay f(t) with the excitation pump profile P(t)
btained from a scattering sample.

The fluorescence decay law s(t) and the anisotropy decay law
(t) were analysed as sums of exponentials [38]:

(t) =
n∑

i=1

αi exp

( −t

τFi

)
(1)

(t) = r0

m∑
j=1

βj exp

( −t

θj

)
(2)

here τFi is the lifetime of fluorescence, αi the pre-exponential
actor related to the contribution of the compound i to the total
uorescence, r0 the limiting anisotropy and βj the fractional
ontribution to the total depolarisation attributed to species j
aving a rotational correlation time θj.

For a spherical molecule, r(t) decays mono-exponentially
ith one correlation time θ directly proportional to the viscos-

ty η of the medium and the volume V of the rotating molecule
ccording to the Stokes–Einstein [39] relationship:

= ηV

kBT
(3)

here kB is the Boltzmann constant and T the absolute temper-
ture; s(t) and r(t) are related to the emission by the relations:

//(t) = 1

3
s(t)[1 + 2r(t)] (4)

1

3
r,

(t) = iM(t) = i//(t) + 2i⊥(t) (6)
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(t) = i//(t) − i⊥(t)

i//(t) + 2i⊥(t)
(7)

here, i//(t), i⊥(t) and iM(t) means the intensity of fluorescence
f light polarised parallel, perpendicular and at magic angle
54.73◦) with respect to the excitation polarisation, respectively.

As depolarisation effects [14] are avoided at magic angle, the
etermination of τFi values in such condition is straightforward.

The corresponding experimental decays are expressed as:

//(t) = P(t) ∗
{

1

3
s(t)[1 + 2r(t)]

}
(8)

⊥(t) = P(t) ∗
{

1

3
s(t)[1 − r(t)]

}
(9)

M(t) = P(t) ∗ s(t) (10)

here ‘*’ represents the operator of the convolution product.
A correction factor has been introduced in order to take

nto account the difference in the detection sensitivity between
arallel and perpendicular polarized emissions through the
onochromator. Since the great difference between the lifetime

nd the correlation time of the Alexa in water solution (ratio of
bout 10), this factor can be easily determined using this solution
s a reference.

Lifetimes and correlation times were calculated by iterative
djustment after convolution of the pump profile with a sum of
xponentials [37,38]. The analysis is performed on both decays
//(t), I⊥(t) simultaneously by a global analysis algorithm. We
ssumed a Poisson distribution for counts in the calculation of
he χ2 criterion used to estimate the quality of the adjustment
35,40]. Analysis of weighted residuals, as well as calculation of
he autocorrelation function of the residuals, were also always
erformed, especially to check the occurrence of aberrant points
hich can lead to high χ2 values.

. Results and discussion

.1. Fluorescence lifetime

We compare in Table 1 the maximum wavelength values of
teady state absorption and fluorescence emission spectra of the

ifferent synthesized conjugates. No significant differences are
bserved between alexa, B4al, A-al and A-B7al. However, for A-
4al conjugate we observe a red-shift of 6 nm in the absorption
s well as in the emission spectra (Fig. 2).

able 1
pectroscopic characteristics: wavelengths of absorption λBAbs (nm) and emis-
ion λBEmi (nm) maxima

λBAbs (nm) λBEmi (nm) τBFB (ns) χP2P

lexa 585 610 3.82 1.06
4al 585 609 3.77 1.13
-al 585 609 3.79 1.14
-B7al 585 610 3.70 0.94
-B4al 593 616 4.13 1.05

luorescence lifetime τBFB (ns) and statistical adjustment parameter χ2 of alexa,
4al, A-al, A-B7al and A-B4al in solution PBSB pH 7.4.

c
s
l
t
t
t

T
P
n

A
B
A

T

ig. 3. Fluorescence decays IM(t) and residual function of alexa (gray) below
-B4al (black) accumulated at magic angle. The bumps in the decays are due

o re-excitation of the fluorophore by secondary pulses (bottom peaks).

The fluorescence lifetime (Table 1, Fig. 3) of A-B4al (4.13 ns)
s 10% larger than those of alexa, B4al, A-al and A-B7al (3.8 ns).

These results show that dye linked directly or linked via bio-
ytin have the same fluorescence properties than alexa-fluor-594
ree in solution. The fluorescence lifetime τF is related to the
inetic constants kf and knr of radiative and non-radiative pro-
esses, respectively, by τF = (kf + knr)−1 and the quantum yield
s Q = �F kf. From the measurements of τF and Q (Table 2) are
educed kf and knr. With respect to alexa or B4al, both A-B4al
uantum yield and fluorescence lifetime increases are 10%, thus
eading to no variation in the radiative constant kf and to decrease
f knr.

Globally these results emphasize the stabilization, with
espect to free alexa, of the excited state of alexa-fluor-594 when
inked to avidin via biotin ethylenediamine, as the radiative pro-
ess keeps the same rate while the non-radiative processes are
lower. We can infer that this stabilization is induced by the
ocalization of alexa-fluor-594 close to the protein surface with

he four atoms spacer of B4al, which is almost lost in the case of
he seven atoms spacer of B7al. This will be confirmed below by
he fluorescence anisotropy study. It may be useful to point out

able 2
hotophysical characteristics: fluorescence quantum yield Q, radiative kf and
on-radiative knr rate constants of alexa, B4al and A-B4al

Q kf (ns−1) knr (ns−1)

lexa 0.79 0.208 0.053
4al 0.79 0.208 0.053
-B4al 0.87 0.210 0.031

he quantum yield was measured with rhodamine 6G as a reference.



S. Balme et al. / Journal of Photochemistry and Photobiology A: Chemistry 184 (2006) 204–211 209

Fig. 4. Fluorescence lifetime of alexa fluor (�) and A-B4al (�) as a function
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Table 3
Fluorescence anisotropy characteristics in PBSB solution pH 7.4: correlation
time θ (ns), global depolarization factor r0 and fit statistical adjustment parame-
ters χ2

//
and χ2

⊥ for parallel and perpendicular polarization decays, respectively

θ (ns) r0 χ2
//

χ2
⊥

Alexa 0.37 0.40 1.03 1.03
A-al 0.31 0.39 1.24 1.1
A-B7al 0.41 0.33 1.03 0.99
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ou.edu/cems/ulab/CHE4262/sec002/experiments/experiment1/
Evaporator/UC-2167 ethylene glycol), by data at 20 ◦C [41].
The figures were majored by 2.5%, the viscosity relative varia-
f ethylene glycol (EG) volume fraction in the mixtures with PBSB solutions.
iscosities (mPa s) are 1.03; 1.86; 2.77; 4.17; 5.12 and 7.57 for ethylene glycol
olume fractions 0.00; 0.214; 0.357; 0.50; 0.57 and 0.71, respectively.

hat the number of fluorophores per avidin is smaller than two.
he same kind of results was found with B4-Cy3 which was
xceptionally fluorescent in the avidin-bound state [28] at least
f no more than two ligands were bound per avidin tetramer. We
id not study avidin–ligand complexes with three or four bound
iotin-fluorophore conjugates which could show quite different
hotophysical properties than the studied complexes with less
han two fluorescent biotins per avidin tetramer.

Fig. 4 illustrates the variation of fluorescence lifetime of
lexa, free and in the conjugate A-B4al, as a function of ethylene
lycol volume fraction f. A decrease of the A-B4al fluorescence
ifetime with molecular environment via the addition of ethylene
lycol was observed. The variation is linear τ (ns) (±S.E.) = 4.13
±0.02) −0.35 (±0.04)f. Conversely, the fluorescence lifetime
f the isolated alexa was constant, as expected. The same was
bserved with A-al. Thus, the change in the solvent composition
as an effect on the interaction between avidin and the chro-
ophore in A-B4al. The fluorescence lifetimes tend to reach

he same value at high ethylene glycol fraction while the corre-
ation time of the complex remain that of the conjugate showing
hat the alexa is not released by the change in solvent com-
osition. Hence, a slight change of the local environment of
he chromophore in the complex presumably explains the life-
ime decrease evoked above. If this is indeed the case, then the
onjugate might be used as a probe for changes in the inter-
acial environment resulting from protein/material interactions.
he question whether the photophysical properties of the con-

ugates are related to the tryptophans interactions with alexa
hromophores can be arisen: a short limited study is provided
n Appendix A.

.2. Fluorescence anisotropy: rotational correlation time

We will now compare the correlation times and depolariza-

ions of A-al, A-B4al and A-B7al (Table 3).

When alexa-fluor-594 is directly linked to avidin, the cor-
elation time is the same than that of the dye in solution: the
hromophore rotates freely and this type of labeling does not

F
(

-B4al 33.5 0.36 1.18 1.0

wo components of depolarization were found for A-B7al (see text).

rovide any information concerning the protein motion. Two
orrelation times were determined for A-B7al: one (∼410 ps)
orresponds to the dye free rotation, the other (39 ns) to the
vidin motion, according to theoretical estimation model [14]
Eq. (3)). For A-B7al the depolarization contribution is much
maller for the long correlation time than for the short one, which
hows that the greatest part of the signal is due to the protein-
inked dye free rotation. For A-B4al the spacer is shorter and a
ingle correlation time of 33.5 ns was obtained (Fig. 5).

This correlation time corresponds to the motion of avidin in
olution. In this case, the attached chromophore cannot rotate
reely. The fact that a single correlation time is deduced relates
ell with the spherical shape of avidin and the equivalence of

he four sites of fixation for biotin linkage. From the correlation
ime the hydrodynamic diameter of avidin is estimated via Eq.
3) as 6.1 nm, which corresponds to the dimensions of the avidin
etramer [25]. The conjugate correlation time is much larger
han the correlation time of free alexa; it suggests a tight attach-

ent of the fluorophore to the protein. To check the sensitivity
f the correlation time with the environment, measurements
ere performed at different viscosities, by mixing labeled

queous PBSB solutions and ethylene glycol in various pro-
ortions (Fig. 6). The viscosity variation with ethylene glycol
olume fraction at 19 ◦C was approximated, after conversion
f measured volume fraction to weight fraction (http://coe.
ig. 5. Depolarization r(t) for alexa (gray) and A-B4al (black) in PBSB pH 7.4
10 mM sodium phosphate, 0.15 M NaCl).

http://coe.ou.edu/cems/ulab/che4262/sec002/experiments/experiment1/evaporator/
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ig. 6. Sphere equivalent hydrodynamic diameter of A-B4al (�) and B4al (�)
s a function of ethylene glycol volume fraction in buffer PBSB.

ion of the pure components per ◦C around 20 ◦C. We observed
ithin experimental error a linear variation of θ as a function of
iscosity, still compatible with the size of the protein. However,
any additional effects could exist, because with such a mixture

f solvents the variation of viscosity is associated especially
ith changes in protein ionization and dielectric constant of the
edium. For instance, the Debye screening length of 0.73 nm

n aqueous buffer will vary in the presence of ethyleneglycol.
uch effects might be responsible for the observed variation
f the florescence lifetime of A-B4al (Fig. 4). The same
tudy for alexa and A-al gave the hydrodynamic volume of
.18 nm3 (Eq. (3)), thus confirming the independent rotation
f the label when directly linked to avidin. No size variation
f B4al was observed in mixtures of buffer and ethylene
lycol (Fig. 6).

This variation is a piece of evidence that these experiments
ctually relate well with the measurement of correlation times
inked to the motion of the protein and to that of the free
hromophore. These measurements point also to the fact that
orrelation times till 120 ns could be measured with satisfying
ccuracy with a label having a fluorescence lifetime of only 4 ns.

Avidin is a very stable protein which resists any conforma-
ional effects induced by up to 8 M urea [42] or 3 M guanidine
43]. We observed the same stability for A-B4al. It was neces-
ary to use 9 M urea conditions to observe the denaturation of
he complex. Three correlation times were obtained: The smaller
ne (∼0.32 ns) is presumably due to B4al released from avidin.
he native value of 32 ns is between the two others (∼126 and
6.5 ns) which could reflect the deformation of the spherical

omplex to an ellipsoid shape and/or aggregation. The value of
.5 ns could also be attributed to the monomer unit produced
y dissociation of the tetramer avidin: as a first approximation
ndeed, the correlation time is proportional to the mass, or to
he degree of oligomerization (θmonomer ≈ 1/4 θtetramer). Any-
ay, whatever the real state of the solution in 9 M urea, the

nisotropy measurements showed clearly the denaturation of the
omplex A-B4al. Furthermore, we recovered in these denaturat-

ng conditions the fluorescence lifetime (3.8 ns) and the spectral
roperties of the free fluorophore: the stabilizing interactions
etween avidin and biotin–alexa present in the native conjugate
orm are there lost.
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. Conclusions

Taking advantage of the avidin biotin affinity, we labeled
vidin with a fluorescent probe imaging the protein rotational
otion. Using the same route than previously described by Gru-

er et al. [28] with a four atoms spacer (biotin ethylene diamine),
e chose as fluorescent probe alexa-fluor-594 instead of fluores-

ein. The labeled avidin A-B4al has the fluorescence emission
arameters of alexa-fluor-594 and the correlation time of avidin.
n A-B4al, we noticed (i) an increase of the dye fluorescence life-
ime and quantum yield, thus a stabilization of the excited state
f alexa in the complex by slowing down the non-radiative pro-
esses, and (ii) a larger mean fluorescence lifetime of the avidin
ryptophans, compared to those measured for the avidin–biotin
omplex. It should be kept in mind however that the present
esults were obtained with a number of fluorophores per avidin
maller than two and could be different for higher numbers, as
bserved with other chromophores [28]. The correlation time of
vidin could not be obtained with A-B7al, where the spacer was
even atoms long (biocytin).

The synthesized A-B4al conjugate opens few perspectives for
n approach of protein interactions with substrates. The occur-
ence of several correlation time components of the anisotropy
ecay and their respective values in the denaturating conditions
orrelate well the avidin conformational changes. We showed
hat the fluorescence lifetime also depends on the liquid phase
omposition. All these observations indicate that A-B4al con-
ugate is a potential useful model for tracking the rotational
ynamics and motion of proteins interacting physically and
hemically with interfaces, where local environment, restricted
otion and/or partial unfolding of proteins can occur.
As an example, for A-B4al adsorbed at high interfacial

oncentration on mica, we measured by confocal fluorescence
ynamics [44] a correlation time larger than 300 ns and a fluo-
escence life time of 3.2 ns. The large correlation time shows the
ighly reduced rotational freedom at the interface, as assumed
n interpretation of TIRF data [16,17], while the change in fluo-
escence lifetime is even outside the range observed in solution
n presence of ethylene glycol and is probably linked to the
rotein–protein and/or protein–surface interactions.
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ppendix A

The fluorescence lifetimes of the tryptophans (Table 4) are
odified by complexation of the protein with biotin. Three flu-

rescence lifetimes were observed for avidin, avidin–biotin (4

iotins per avidin) and A-B4al* (3.2 biotins and 0.8 alexa–biotin
n the average per avidin). As already described by other authors
45,46] fluorescence quenching of avidin was observed in the
resence of biotin. However, the complex of avidin with B4al led
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Table 4
Average fluorescence lifetime τBave, fluorescence lifetimes (τB1, τB2, τB3) and pre-exponential factors (A1–A3) of tryptophans measured in solutions of avidin,
avidin biotin complex and A-B4al*

τBave B(ns) τB1 B(ns) τB2 B(ns) τB3 B(ns) AB1B AB2B AB3B χP2P

Avidin 1.69 3.12 1.36 0.372 0.095 0.435 0.471 1.08
A
A
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vidin–biotin 0.96 2.65 1.04
-B4al* 1.2 4.17 1.31

iotin in excess ensured the occupation of all the sites of avidin in the complex

o a higher mean fluorescence lifetime than for the avidin–biotin
omplex, and we recovered for A-B4al the same second flu-
rescence time of the non-complexed avidin with the same
re-exponential factor. This presumably indicates that a specific
nteraction exists between alexa fluor and at least one of the
ryptophans, and/or that the fluorophore linked to biotin modi-
es indirectly the avidin–biotin interaction.
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de protéines aux interfaces solide/liquide,” Université Montpellier II,

http://tel.ccsd.cnrs.fr/, 2005.

45] G. Mei, L. Pugliese, N. Rosato, L. Toma, M. Bolognesi, A. Finazziagro, J.
Mol. Biol. 242 (1994) 559–565.

46] G.P. Kurzban, G. Gitlin, E.A. Bayer, M. Wilchek, P.M. Horowitz, Biochem-
istry 28 (1989) 8537–8542.

http://tel.ccsd.cnrs.fr/

	Highly efficient fluorescent label unquenched by protein interaction to probe the avidin rotational motion
	Introduction
	Experimental
	Direct labeling of avidin (A) with alexa (al): A-al
	Labeling of avidin(A) via labeled biotin ethylenediamine (B4al) and labeled biocytine (B7al): A-B4al, A-B7al
	Determination of the percentage of hydrolysis
	Labeling with biotin-ethylenediamine alexa-fluor-594 (B4al)
	Labeling with biocytine-alexa-fluor-594 (B7al)
	Yield examination of the coupling between avidin and fluorescently labeled biotin

	Absorbance and fluorescence analysis

	Theory and calculations
	Results and discussion
	Fluorescence lifetime
	Fluorescence anisotropy: rotational correlation time

	Conclusions
	Acknowledgments
	Appendix A
	References


