Available online at www.sciencedirect.com
ScienceDirect

Journal of Photochemistry and Photobiology A: Chemistry 184 (2006) 204-211

Journal of

Photogbfmistry
Photobiology

A:Chemistry

www.elsevier.com/locate/jphotochem

Highly efficient fluorescent label unquenched by protein interaction
to probe the avidin rotational motion

Sébastien Balme ®P, Jean-Marc Janot®?, Philippe Déjardin®*, Patrick Seta®P

2 European Membrane Institute, UMR 5635 (CNRS, ENSCM, UM2) France
Y JEM - CNRS, 1919 route de Mende, F-34293 Montpellier Cedex 5, France
¢ IEM - Université Montpellier 2, CC047, 2 Place Eugéne Bataillon, F-34095 Montpellier Cedex 5, France

Received 21 February 2006; received in revised form 10 April 2006; accepted 13 April 2006
Available online 28 April 2006

Abstract

Fluorescent dye alexa-fluor-594 was fixed to biotin with a spacer chain of four atoms. The static, dynamic fluorescence and fluorescence
polarization properties of the avidin/labeled-biotin conjugate were investigated and compared with those of free fluorescent dye and directly
labeled avidin. With 0.8 label on the average per avidin, one single fluorescence lifetime and one single correlation time related to the actual protein
motion were recorded. Moreover, the excited state fluorescent probe is stabilized in the conjugate, with a quantum yield of 0.87, by slowing down
the 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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1. Introduction

The understanding of protein—protein and protein—surface
interactions at interfaces is relevant to many topics: studies
on transfer through biological bilayer membranes as well as
industrial synthetic membranes [1], manufacturing biosensors
like microchips [2,3] devoted to protein identification, health
and environmental sciences for prion adsorption in soils [4].
The analysis of interaction processes requires data on inter-
facial concentration, protein conformation [5—7] and dynamic
behavior of proteins at interfaces [8]. Dynamic aspects which
give access to protein motion during and after the adsorption
process have been much less studied [9,10]. Time resolved flu-
orescence and steady state fluorescence polarization can give
important information on molecular environment and motion
of molecules [11,12]. Generally however, intrinsic or extrin-
sic fluorescence of protein does not permit an easy access to
protein rotational motion and environment. The analysis of the
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intrinsic fluorescence properties in molecular dynamics studies
is not easy because the protein involves many tryptophans with
low fluorescence quantum yield [13], and most of them with
multiple fluorescence lifetimes [14] depending on the environ-
ment. Fluorescence anisotropy of tryptophans generally relates
to the polypeptide chains motion rather than to the global protein
motion. Such kind of study however was carried out with enough
accuracy to determine the conformational state of the inhibited
form of Subtilisin 309 adsorbed on particles of hydrophilic silica
and hydrophobic Teflon [15]. Previous works analyzing fluores-
cence properties at flat interfaces considered the Total Internal
Reflection Fluorescence (TIRF) technique with polarized beam
to determine the orientation of molecules. Care was taken to be
sure that the fluorescent probe orientation with respect to the
molecule was constant to make conclusions on the molecule
orientation with respect to the adsorption surface [16,17]. Slow
rotational motion was assumed in the interpretation of the data.
Fluorescence anisotropy technique is a useful tool to check this
assumption. In addition, since it is a goal to study protein interac-
tions at the microscopic level using confocal microscopy, where
the volume under examination is of the order of 11l (1 pm?), a
labeled protein whose photophysics is simple and well defined
with a high quantum yield is required to get a significant signal.
Future work about its behavior in interaction with surfaces is
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considered. The most convenient protein should have one single
fluorescent lifetime, a high fluorescence quantum yield and one
single correlation time.

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

The avidin—biotin molecular recognition system has many
uses in both research and biotechnology [23]. Avidin is a
glycoprotein [24] having a molecular weight 66,000 g mol ™!,
of dimensions [25] 5.6nm x 5.0nm x 4.6 nm, composed by 4
identical 128 amino-acids subunits [26]. The very important
peculiar feature of avidin is its high affinity for biotin [27]
(Ka=10M~!) which permits many kinds of labeling via
biotin modifications. The four avidin sites of biotin fixation are
equivalent, so the fluorescence of the labels should be the same
whichever its location on the tetramer, and chemical routes for
biotin modifications much simpler than those linked to genetic
protein modification [19].

Nevertheless, prior to use the avidin—biotin system, we
have to consider the possible fluorescence quenching by avidin
[28,29] as it occurred for many dyes such as fluorescein or Cy5
with 4 or 14 atoms spacers [28,30,31]. On the contrary, the alexa
fluor dye [32] (Molecular Probes) is not quenched by the forma-
tion of biotin fluorescent dye avidin complex with a 14 atoms
long spacer [33]. Choosing a shorter spacer than 14 atoms, it is
supposed that the movement of the protein will be probed by the
chromophore, hopefully without quenching.

Thus, the aim of this work was to find out with alexa fluor dye
a simple convenient avidin labeling route leading to high fluo-
rescence quantum yield, single fluorescence lifetime and single
correlation time related to the protein motion. Moreover, the
labeling should provide information on the change in the local
polarity of the medium surrounding the protein and its motion.
Knowledge of the photophysical properties of the conjugate is
obviously essential to evaluate the labeling route. In this paper,
we present three different labeling procedures of avidin. The first
one is the direct labeling of avidin by alexa-fluor-594 (A-al). The
two others correspond to labeling by formation of avidin—biotin
conjugates, via biotin ethylenediamine (A-B4al) and biocytin
(A-B7al).

2. Experimental

We used purified avidin (Sigma, Fluka No. 11368),
biotin ethylenediamine (Sigma A5223, as N-(2-aminoethyl)bio-
tinamide hydrobromide), biocytin (Sigma, B4261), Na,HPO4
and NaH,>PO4 (Sigma) and alexa-fluor-594 succinimidyl ester
(Labeling kit A10239, Molecular Probes, Eugene, OR) as

received. Buffer PBSp pH 7.4 contained 100 mM sodium phos-
phate and 1.5 M NaCl in de-ionized water (MilliQ system, Mil-
lipore). Buffer PBSp was buffer PBS diluted 10 times.

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

The labeling reaction of avidin (A) with alexa-fluor-594 (al)
succinimidyl ester was achieved according to Molecular Probes
recipe provided in the labeling kit. Avidin (0.18 wmol) was dis-
solved in 1 mL PBSp (pH 7.4) and mixed with 150 pL. 1 M
bicarbonate solution. Bicarbonate, pH 8.3, is added to raise the
pH of the reaction mixture, since succinimidyl esters react effi-
ciently at pH 7.5-8.5 (Molecular Probes notes). This solution
was poured on lyophilized alexa-fluor-594 succinimidyl ester
(0.37 pmol), and the mixture stirred at room temperature 1h
to get the product A-al. To separate some alexa not bearing
the succinimidyl group (10% mol/mol according to the com-
pany), which did not react with avidin, and alexa-labeled avidin,
all mixture components were separated by chromatography on
resin provided in the same kit. The maximal final mean num-
ber of labels per avidin molecule is 1.8. Assuming the loss by
hydrolysis to 30% as for reaction with biotin ethylenediamine
(see below), the mean number is more likely close to 1.3

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

The reaction routes for attachment of alexa-fluor-594 to biotin
are represented in Scheme 1. Preliminary experiments focused
on the experimental conditions to minimize the percentage of
the hydrolysis. We will present successively (i) the optimized
procedure for the reaction of biotin ethylenediamine with suc-
cinimidyl ester to limit hydrolysis to 30%, (ii) the labelings of
avidin with the fluorescently labeled biotin and biocytin and
finally and (iii) the yield of the reaction of the labeled biotin and
biocytin with avidin.

2.2.1. Determination of the percentage of hydrolysis

Biotin ethylenediamine (0.16 wmol) was dissolved in 100 pLL
PBSA (pH 7.4) and mixed with 10 wuL 1M bicarbonate solu-
tion, as recommended by the provider (see above). This solution
was poured on lyophilized alexa-fluor-594 succinimidyl ester
(0.145 pmol), and the mixture stirred at room temperature 1 h to
get the product B4al. Then the mixture was analyzed by HPLC
on pbondpack C 18 (Waters) reversed phase chromatography
column, with water/ethanol (1/1) as eluent (flow 0.6 ml min—1)
and fluorescence at 610 nm as means of detection (Waters 474).
In such conditions, we obtained (Millennium 32 waters soft-
ware) 30% (mol/mol) hydrolysis (Fig. 1). No changes in the
figure occurred when using 50 pL instead of 10 L of bicarbon-
ate solution.

2.2.2. Labeling with biotin—ethylenediamine
alexa-fluor-594 (B4al)

The previously determined conditions were repeated to get
B4al. Biotin ethylenediamine (0.16 umol) was dissolved in
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Scheme 1. Reaction of the two biotin derivatives with alexa-fluor-594 to get biotinylated fluorophores.
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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.

100 nL PBSA (pH 7.4) and mixed with 10 wL 1 M bicarbonate
solution. This solution was poured on lyophilized alexa-fluor-
594 succinimidyl ester (0.145 pwmol), and the mixture stirred at
room temperature 3 h to get the product B4al. The molar excess
of biotin ethylenediamine (B4) with respect to alexa was chosen
to avoid the subsequent possibility of direct labeling of avidin.
Taking into account the hydrolyzed fraction, the amount of B4al
is 0.7 x 0.145=0.10 pmol. Then, the solution was added to an
avidin solution (270 pL at 0.18 mM, 0.05 wmol) in phosphate
buffer (PBS4), corresponding to a theoretical molar ratio fluo-
rescent biotin/avidin of 2. The mixture was stirred during 1 h.
We can expect the biotin ethylenediamine excess to be com-
plexed with avidin in the second step. All mixture components
were separated by chromatography on resin provided in the kit
(BioGel P-30 Fine size, Bio-Rad). The chromatographic column
separates the protein (avidin, avidin with B4al or B4) from the
other smaller compounds present in the mixture. The fluores-
cence 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
(gray) and fluorescence emission measured with excitation at 590 nm (black).
Spectra of alexa (— — ) and A-B4al (— ). Spectra of A-al, B4al and A-B7al are
superposed to the alexa spectra.

2.2.3. Labeling with biocytine—alexa-fluor-594 (B7al)
The previously described procedure for labeling via biotin
ethylenediamine was also applied for labeling via biocytin.

2.2.4. Yield examination of the coupling between avidin
and fluorescently labeled biotin

The fraction of B4al (and B7al) coupled with avidin were
determined from the absorbances at 584 and 282nm.
Alexa absorbs at 584nm (¢=78000M 'cm~!) and
282nm (e=42126 M~ 'ecm™'). Avidin absorbs at 282nm
(¢=96000M~! cm™!). Taking into account the hydrolyzed
fraction, the yield of the coupling reaction between avidin and
B4al was only 65%, instead of an expected value near 100%
as indeed observed with B7al. It corresponds anyway to the
fraction of the 1-3 isomer in the mixture of the two isomers 1-3
and 1-4 and impurity, according to the provider. This would
suggest that the 1-3 isomer might be the only one involved in
the conjugate with the protein. In the case of labeling with B7al,
the 100% yield of attachment is probably due to the longer
chain which avoids too strong steric constraints. Working with
relative molar amount alexa/avidin of 2, with 10% impurity
and 30% hydrolysis of succinimidyl ester, the mean number of
labels per avidin molecule is 0.8 for A-B4al and 1.3 for A-B7al.

2.3. Absorbance and fluorescence analysis

Absorption spectra were recorded on a Kontron (Uvikon
940) UV-vis spectrophotometer. All buffers used for absorp-
tion measurements were filtered on microfiltration membranes
(Millex 0.1 wm, Millipore). Fluorescence spectra were obtained
on a Spex (Fluorolog 1681) spectrometer at a scanning rate
of 2nms~!. For quantum yield measurements, a solution of
rhodamine B in ethanol was used as reference (fluorescence
quantum yield 0.49) [34]. All experiments were carried out at
19 °C. The time resolved fluorescence decays were obtained by
the technique of time correlated single photon counting [35].
The excitation wavelength was provided by a cavity dumped
(Spectra Physics 344) rhodamine 6G dye laser (Spectra Physics

375) that was synchronously pumped by the 82 MHz output of a
mode locked argon ion laser (Spectra Physics 2030). The excita-
tion pulse duration is estimated for such a device at about 20 ps
(FWHM). For UV excitation, we used for second harmonic gen-
eration a frequency doubler (Spectra Physics 390).

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

3. Theory and calculations

Lifetimes and correlation times were extracted from the
experimental decay curves by the use of a program using the
Levenberg—Marquardt algorithm [36].

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

The fluorescence decay law s(7) and the anisotropy decay law
r(f) were analysed as sums of exponentials [38]:

s(t) = Zai exp (:) (D
i=1 !
K1) = ro> B exp (:) @)
Jj=1 J

where tf; is the lifetime of fluorescence, «; the pre-exponential
factor related to the contribution of the compound i to the total
fluorescence, r( the limiting anisotropy and g; the fractional
contribution to the total depolarisation attributed to species j
having a rotational correlation time 6;.

For a spherical molecule, r(f) decays mono-exponentially
with one correlation time 6 directly proportional to the viscos-
ity n of the medium and the volume V of the rotating molecule

according to the Stokes—Einstein [39] relationship:
nv
-1 3
iaT 3

where kg is the Boltzmann constant and 7 the absolute temper-
ature; s(f) and r(¢) are related to the emission by the relations:

1
i)t = gs(t)[l + 2r(1)] (€]
1
i1(n)= §S(t)[1 —r(?)] ()
or,
s@)=im@) =iy +2iL(2) (6)
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i) —iL(t)
i) +2i (1)

where, ij(f), i1 (¢) and iy;(f) means the intensity of fluorescence
of 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
determination of 7r; values in such condition is straightforward.
The corresponding experimental decays are expressed as:

r(r) = )

1
1;(t) = P(t) % { gs(t)[l + 2r(l)]} ®)
1
1.(1) = P(1) * { 35Ol = r(t)]} ©)
Ip(t) = P(t) * s(t) (10)

where ‘*’ represents the operator of the convolution product.

A correction factor has been introduced in order to take
into account the difference in the detection sensitivity between
parallel and perpendicular polarized emissions through the
monochromator. Since the great difference between the lifetime
and the correlation time of the Alexa in water solution (ratio of
about 10), this factor can be easily determined using this solution
as a reference.

Lifetimes and correlation times were calculated by iterative
adjustment after convolution of the pump profile with a sum of
exponentials [37,38]. The analysis is performed on both decays
1y(1), I, (¢) simultaneously by a global analysis algorithm. We
assumed a Poisson distribution for counts in the calculation of
the x2 criterion used to estimate the quality of the adjustment
[35,40]. Analysis of weighted residuals, as well as calculation of
the autocorrelation function of the residuals, were also always
performed, especially to check the occurrence of aberrant points
which can lead to high x? values.

4. Results and discussion
4.1. Fluorescence lifetime

We compare in Table 1 the maximum wavelength values of
steady state absorption and fluorescence emission spectra of the
different synthesized conjugates. No significant differences are
observed between alexa, B4al, A-al and A-B7al. However, for A-
B4al conjugate we observe a red-shift of 6 nm in the absorption
as well as in the emission spectra (Fig. 2).

Table 1
Spectroscopic characteristics: wavelengths of absorption ABaps (nm) and emis-
sion ABgp,i (nm) maxima

1B bs (nm) ABgmi (nm) Bgg (ns) xP?P
Alexa 585 610 3.82 1.06
B4al 585 609 3.77 1.13
A-al 585 609 3.79 1.14
A-B7al 585 610 3.70 0.94
A-B4al 593 616 4.13 1.05

Fluorescence lifetime tBgp (ns) and statistical adjustment parameter X2 of alexa,
B4al, A-al, A-B7al and A-B4al in solution PBSg pH 7.4.
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Fig. 3. Fluorescence decays Ij(¢) and residual function of alexa (gray) below
A-B4al (black) accumulated at magic angle. The bumps in the decays are due
to re-excitation of the fluorophore by secondary pulses (bottom peaks).

The fluorescence lifetime (Table 1, Fig. 3) of A-B4al (4.13 ns)
is 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-
cytin have the same fluorescence properties than alexa-fluor-594
free in solution. The fluorescence lifetime tr is related to the
kinetic constants ks and ky, of radiative and non-radiative pro-
cesses, respectively, by tp = (kr+ ko)~ and the quantum yield
is QO =1F ky. From the measurements of 77 and Q (Table 2) are
deduced kr and ky,. With respect to alexa or B4al, both A-B4al
quantum yield and fluorescence lifetime increases are 10%, thus
leading to no variation in the radiative constant kyand to decrease
of kyr.

Globally these results emphasize the stabilization, with
respect to free alexa, of the excited state of alexa-fluor-594 when
linked to avidin via biotin ethylenediamine, as the radiative pro-
cess keeps the same rate while the non-radiative processes are
slower. We can infer that this stabilization is induced by the
localization of alexa-fluor-594 close to the protein surface with
the four atoms spacer of B4al, which is almost lost in the case of
the seven atoms spacer of B7al. This will be confirmed below by
the fluorescence anisotropy study. It may be useful to point out

Table 2
Photophysical characteristics: fluorescence quantum yield Q, radiative kr and
non-radiative ky, rate constants of alexa, B4al and A-B4al

0 kr (ns™h) ke (ns™1)
Alexa 0.79 0.208 0.053
Bdal 0.79 0.208 0.053
A-Bdal 0.87 0.210 0.031

The quantum yield was measured with rhodamine 6G as a reference.
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Fig. 4. Fluorescence lifetime of alexa fluor (V) and A-B4al (@) as a function
of ethylene glycol (EG) volume fraction in the mixtures with PBSg solutions.
Viscosities (mPa s) are 1.03; 1.86; 2.77; 4.17; 5.12 and 7.57 for ethylene glycol
volume fractions 0.00; 0.214; 0.357; 0.50; 0.57 and 0.71, respectively.

that the number of fluorophores per avidin is smaller than two.
The same kind of results was found with B4-Cy3 which was
exceptionally fluorescent in the avidin-bound state [28] at least
if no more than two ligands were bound per avidin tetramer. We
did not study avidin—ligand complexes with three or four bound
biotin-fluorophore conjugates which could show quite different
photophysical properties than the studied complexes with less
than two fluorescent biotins per avidin tetramer.

Fig. 4 illustrates the variation of fluorescence lifetime of
alexa, free and in the conjugate A-B4al, as a function of ethylene
glycol volume fraction f. A decrease of the A-B4al fluorescence
lifetime with molecular environment via the addition of ethylene
glycol was observed. The variation is linear t (ns) (£S.E.)=4.13
(£0.02) —0.35 (£0.04)f. Conversely, the fluorescence lifetime
of the isolated alexa was constant, as expected. The same was
observed with A-al. Thus, the change in the solvent composition
has an effect on the interaction between avidin and the chro-
mophore in A-B4al. The fluorescence lifetimes tend to reach
the same value at high ethylene glycol fraction while the corre-
lation time of the complex remain that of the conjugate showing
that the alexa is not released by the change in solvent com-
position. Hence, a slight change of the local environment of
the chromophore in the complex presumably explains the life-
time decrease evoked above. If this is indeed the case, then the
conjugate might be used as a probe for changes in the inter-
facial environment resulting from protein/material interactions.
The question whether the photophysical properties of the con-
jugates are related to the tryptophans interactions with alexa
chromophores can be arisen: a short limited study is provided
in Appendix A.

4.2. Fluorescence anisotropy: rotational correlation time

We will now compare the correlation times and depolariza-
tions of A-al, A-B4al and A-B7al (Table 3).

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

Table 3

Fluorescence anisotropy characteristics in PBSg solution pH 7.4: correlation
time 6 (ns), global depolarization factor ro and fit statistical adjustment parame-
ters X? / and Xi for parallel and perpendicular polarization decays, respectively

6 (ns) o X X1
Alexa 0.37 0.40 1.03 1.03
A-al 0.31 0.39 124 11
A-BT7al 0.41 0.33 1.03 0.99
39 0.04
A-Bdal 335 0.36 118 1.0

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

provide any information concerning the protein motion. Two
correlation times were determined for A-B7al: one (~410ps)
corresponds to the dye free rotation, the other (39ns) to the
avidin motion, according to theoretical estimation model [14]
(Eq. (3)). For A-B7al the depolarization contribution is much
smaller for the long correlation time than for the short one, which
shows that the greatest part of the signal is due to the protein-
linked dye free rotation. For A-B4al the spacer is shorter and a
single correlation time of 33.5 ns was obtained (Fig. 5).

This correlation time corresponds to the motion of avidin in
solution. In this case, the attached chromophore cannot rotate
freely. The fact that a single correlation time is deduced relates
well with the spherical shape of avidin and the equivalence of
the four sites of fixation for biotin linkage. From the correlation
time the hydrodynamic diameter of avidin is estimated via Eq.
(3) as 6.1 nm, which corresponds to the dimensions of the avidin
tetramer [25]. The conjugate correlation time is much larger
than the correlation time of free alexa; it suggests a tight attach-
ment of the fluorophore to the protein. To check the sensitivity
of the correlation time with the environment, measurements
were performed at different viscosities, by mixing labeled
aqueous PBSp solutions and ethylene glycol in various pro-
portions (Fig. 6). The viscosity variation with ethylene glycol
volume fraction at 19 °C was approximated, after conversion
of measured volume fraction to weight fraction (http://coe.
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-
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Fig. 5. Depolarization r(¢) for alexa (gray) and A-B4al (black) in PBSg pH 7.4
(10 mM sodium phosphate, 0.15 M NaCl).
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Fig. 6. Sphere equivalent hydrodynamic diameter of A-B4al (H) and B4al (@)
as a function of ethylene glycol volume fraction in buffer PBSg.

tion of the pure components per °C around 20 °C. We observed
within experimental error a linear variation of 6 as a function of
viscosity, still compatible with the size of the protein. However,
many additional effects could exist, because with such a mixture
of solvents the variation of viscosity is associated especially
with changes in protein ionization and dielectric constant of the
medium. For instance, the Debye screening length of 0.73 nm
in aqueous buffer will vary in the presence of ethyleneglycol.
Such effects might be responsible for the observed variation
of the florescence lifetime of A-B4al (Fig. 4). The same
study for alexa and A-al gave the hydrodynamic volume of
1.18 nm? (Eq. (3)), thus confirming the independent rotation
of the label when directly linked to avidin. No size variation
of B4al was observed in mixtures of buffer and ethylene
glycol (Fig. 6).

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

Avidin is a very stable protein which resists any conforma-
tional 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-
sary to use 9 M urea conditions to observe the denaturation of
the complex. Three correlation times were obtained: The smaller
one (~0.32 ns) is presumably due to B4al released from avidin.
The native value of 32 ns is between the two others (~126 and
~6.5 ns) which could reflect the deformation of the spherical
complex to an ellipsoid shape and/or aggregation. The value of
6.5ns could also be attributed to the monomer unit produced
by dissociation of the tetramer avidin: as a first approximation
indeed, the correlation time is proportional to the mass, or to
the degree of oligomerization (@monomer ~ 1/4 Getramer)- Any-
way, whatever the real state of the solution in 9M urea, the
anisotropy measurements showed clearly the denaturation of the
complex A-B4al. Furthermore, we recovered in these denaturat-
ing conditions the fluorescence lifetime (3.8 ns) and the spectral
properties of the free fluorophore: the stabilizing interactions
between avidin and biotin—alexa present in the native conjugate
form are there lost.

5. Conclusions

Taking advantage of the avidin biotin affinity, we labeled
avidin with a fluorescent probe imaging the protein rotational
motion. Using the same route than previously described by Gru-
ber et al. [28] with a four atoms spacer (biotin ethylene diamine),
we chose as fluorescent probe alexa-fluor-594 instead of fluores-
cein. The labeled avidin A-B4al has the fluorescence emission
parameters of alexa-fluor-594 and the correlation time of avidin.
In A-B4al, we noticed (i) an increase of the dye fluorescence life-
time and quantum yield, thus a stabilization of the excited state
of alexa in the complex by slowing down the non-radiative pro-
cesses, and (ii) a larger mean fluorescence lifetime of the avidin
tryptophans, compared to those measured for the avidin—biotin
complex. It should be kept in mind however that the present
results were obtained with a number of fluorophores per avidin
smaller than two and could be different for higher numbers, as
observed with other chromophores [28]. The correlation time of
avidin could not be obtained with A-B7al, where the spacer was
seven atoms long (biocytin).

The synthesized A-B4al conjugate opens few perspectives for
an approach of protein interactions with substrates. The occur-
rence of several correlation time components of the anisotropy
decay and their respective values in the denaturating conditions
correlate well the avidin conformational changes. We showed
that the fluorescence lifetime also depends on the liquid phase
composition. All these observations indicate that A-B4al con-
jugate is a potential useful model for tracking the rotational
dynamics and motion of proteins interacting physically and
chemically with interfaces, where local environment, restricted
motion and/or partial unfolding of proteins can occur.

As an example, for A-B4al adsorbed at high interfacial
concentration on mica, we measured by confocal fluorescence
dynamics [44] a correlation time larger than 300 ns and a fluo-
rescence life time of 3.2 ns. The large correlation time shows the
highly reduced rotational freedom at the interface, as assumed
in interpretation of TIRF data [16,17], while the change in fluo-
rescence lifetime is even outside the range observed in solution
in presence of ethylene glycol and is probably linked to the
protein—protein and/or protein—surface interactions.

Acknowledgments

S.B. benefited from a fellowship from the Ministry of Educa-
tion of French government. We are indebted to E. Tronel-Peyroz
(EMI) for fruitful discussions about the rotational correlation
time variation with the viscosity.

Appendix A

The fluorescence lifetimes of the tryptophans (Table 4) are
modified by complexation of the protein with biotin. Three flu-
orescence lifetimes were observed for avidin, avidin—biotin (4
biotins per avidin) and A-B4al* (3.2 biotins and 0.8 alexa—biotin
on the average per avidin). As already described by other authors
[45,46] fluorescence quenching of avidin was observed in the
presence of biotin. However, the complex of avidin with B4al led
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Table 4

Average fluorescence lifetime 7B,y., fluorescence lifetimes (7B, B, 7B3) and pre-exponential factors (A;—A3) of tryptophans measured in solutions of avidin,

avidin biotin complex and A-B4al*

Bave B(nS) B p(ns) B p(ns) B3 p(ns) ABjp ABg AB3p xP%
Avidin 1.69 3.12 1.36 0.372 0.095 0.435 0.471 1.08
Avidin-biotin 0.96 2.65 1.04 0.439 0.011 0.565 0.424 1.11
A-B4al* 1.2 4.17 1.31 0.43 0.01 0.43 0.56 1.07

Biotin in excess ensured the occupation of all the sites of avidin in the complexes Avidin-biotin and A-B4al*.

to a higher mean fluorescence lifetime than for the avidin—biotin
complex, and we recovered for A-B4al the same second flu-
orescence time of the non-complexed avidin with the same
pre-exponential factor. This presumably indicates that a specific
interaction exists between alexa fluor and at least one of the
tryptophans, and/or that the fluorophore linked to biotin modi-
fies indirectly the avidin—biotin interaction.
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