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The present work reports for the first time the development of a method that allowed us to obtain
crystals of orosomucoid complexed to progesterone. Then we investigated the dynamics of the
microenvironments of the two buried Trp residues in the crystals of protein, by the red-edge
excitation spectra method. The fluorescence excitation spectrum of the crystals is characteristic of
that known for Trp residues (\max = 290 nm and bandwidth = 38 ± 1 nm), indicating that the
Trp residues are responsible for the fluorescence of the protein in the crystals. The position of the
maximum and the bandwidth of the steady-state emission spectrum of the crystals (331 ± 1 and
43 ± 1 nm, respectively) are equal to those obtained in aqueous buffer for the orosomucoid-
progesterone complex (330 ± 1 and 43 ± 1 nm) (A.ex, 295 nm). Thus, the fluorescence of the
crystals occurs from the Trp residues buried in the protein core. The red-edge excitation spectra
studies indicate that the Trp residues are surrounded by microenvironments that display motions,
a result identical to that observed in solution. Thus, the crystallization process does not modify
the structure or the dynamics of orosomucoid core. The fluorescence intensities depend on the
angular orientation of the crystals with respect to the polarization of the incident beam. The general
feature of this dependence is identical at the three excitation wavelengths used (295, 300, and 305
nm). Our results confirm the fact that the local structure and dynamics are the key for any inter-
pretation of tryptophan fluorescence parameters of orosomucoid.

INTRODUCTION

The human a,-acid glycoprotein (orosomucoid), a
plasma glycoprotein of molecular weight equal to 41
kDa, consists of a chain of 181 amino- acids. It contains
40% carbohydrate, by weight, and has up to 16 sialic
acid residues (10-14%, by weight) [1]. Five heteropoly-
saccharide groups are linked via N-glycosidic bond to
the asparaginyl residues of the protein [2], This high
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degree of sialylation and the presence of acidic amino-
acid residues give rise to a very low pI of 2.8-3.8 [3;4],

Although the biological function of orosomucoid is
still obscure, a number of activities of possible physio-
logical significance have been described such as the abil-
ity to bind immunoglobulins G 3 [5], the B-drug
adrenergic blocker, propranolol [6], and steroid hor-
mones such as progesterone [7].

a1-Acid glycoprotein contains three Trp residues,
one at the surface and two embedded in the protein ma-
trix [1,2,8]. The dynamic behavior of each class of tryp-
tophanyl residues was investigated by performing
steady-state measurements of emission anisotropy be-
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tween -40 and 20°C. This method allows to derive
parameters characteristic of the environment of the ro-
tating unit, such as the thermal coefficient of the fric-
tional resistance to the rotation of the fluorophore and
the characteristic amplitude at which the surrounding
amino acids become the determinant of that frictional
resistance [9]. Our results have shown that both classes
of Trp residues exhibit residual motions, although the
Trp residue of the surface rotates much more freely than
the buried ones [10].

Binding of progesterone to orosomucoid partially
quenches the Trp residues fluorescence [1]. Recently, we
measured the steady-state fluorescence anisotropy of the
Trp residues of orosomucoid in the presence of proges-
terone between -40 and + 6°C. Our results indicate that
binding of the ligand to the protein decreases the fric-
tional resistance of the buried Trp residues and increases
that of the surface Trp residue. These results demonstrate
that binding of progesterone to orosomucoid affects the
dynamics of both the surface and the protein core [11].

We also characterized the emission spectrum of
each class of fluorophore in the absence and in the pres-
ence of the ligand. We found that binding of progester-
one to orosomucoid induces a red shift of 6 nm of the
emission of the buried Trp residues (from 324 to 330
nm) and a blue shift of 5 nm of the emission of the
surface Trp residue (from 350 to 345 nm). Thus, binding
of progesterone affects the local structures around the
Trp residues. However, the fluorescence maximum of
the spectrum of the protein does not change whether or
not the progesterone is bound to orosomucoid (Xmax =
333 ± 1 nm) [11].

In addition to the anisotropy experiments, dynamics
of proteins can be investigated also by the red-edge ex-
citation spectra method [12].

Excitation at the red edge of the absorption spec-
trum of the fluorophore molecules allows study of the
flexibility of their microenvironment. When a fluoro-
phore exhibits free motions, the position of the maxi-
mum of its fluorescence spectrum does not vary with the
excitation wavelength. However, in a viscous or rigid
medium, the fluorescence maximum position shifts to
higher wavelengths upon red-edge excitation [13-21].

In the red-edge excitation spectral studies, the sub-
ject being studied is the relaxation of the environment
(which consists of amino acids and solvent dipoles)
around the excited tryptophan. In the fluorescence ani-
sotropy experiments, on the other hand, the displacement
of the emission dipole moment of the tryptophan is mon-
itored. In the first approach it is the dynamics of the en-
vironment that is being followed, and in the second
approach, the restricted reorientational motion of the Trp.

The crystallization of orosomucoid proved to be
somewhat difficult, probably because of the high solu-
bility and the large carbohydrate moiety of the protein.
By using lead ion (0.007 M), the solubility of oroso-
mucoid is reduced significantly, approximately equal to
the effect of 40% ethanol. Also, the addition of a mixture
of equal amounts of acetone and methanol decreases the
solubility much further, to yield crystals under appro-
priate conditions [22].

However, because of the difficulty in obtaining the
crystals, since 1953, crystallization of orosomucoid has
not been performed. Therefore, there are no structural or
dynamical studies (such as X-ray diffraction, NMR, or
fluorescence) on crystals of orosomucoid.

The present work reports the development of a
method that allowed us to obtain crystals of orosomu-
coid complexed to progesterone. Furthermore, we inves-
tigated here the dynamics of the microenvironments of
the two buried Trp residues in the crystals of the pro-
tein-progesterone complex, by the red-edge excitation
spectra method [23].

The fluorescence excitation spectrum of the crystals
is characteristic of that known for Trp residues (Xmax =
290 nm and bandwidth = 38 ± 1 nm), indicating that
the Trp residues are responsible for the fluorescence of
the protein in the crystals.

The position of the maximum and the bandwidth
of the steady-state emission spectrum of the crystals
(331 ± 1 and 43 ± 1 nm, respectively) are equal to
those obtained in aqueous buffer for the two buried Trp
residues in orosomucoid-progesterone complex (330 ±
1 and 43 ± 1 nm, respectively). Thus, in the crystals,
the Trp residue at the protein surface does not fluores-
cence.

The dynamics studies were performed on the crys-
tals after we rotated them around the excitation beam of
vertical polarization. Our results indicate that the buried
Trp residues are surrounded by microenvironments that
display mean motions, a result identical to that observed
in solution.

Our results indicate that crystallization process does
not modify the structure and the dynamics of orosomu-
coid core.

MATERIALS AND METHODS

Orosomucoid was extracted from human plasma
and prepared as described in Ref. 7.

Progesterone (from Sigma) was dissolved in meth-
anol. The concentration of the stock solution was 2.5
mM.
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Crystallization of orosomucoid was performed fol-
lowing the procedure of Schmidt [22], with some mod-
ifications. Our crystals were obtained as follows: 32 mg
of the lyophilized protein was dissolved in 460 (0.1 of
twice-distilled water, 30 ul of the stock solution of pro-
gesterone was then added to the solution of
orosomucoid, and finally, 12 ul of a 1 M lead acetate
solution was mixed with the orosomucoid-progesterone
complex. The final solution was kept at 5°C for 2 h.
Three hundred microliters of a precooled (5°C) mixture
of methanol-acetone (1:1) was then added drop by drop,
with careful stirring. The final solution was kept at 5°C
for 1 year. During this time important crystals of oro-
somucoid-progesterone complex were formed (Fig. 1)

Fluorescence spectra were obtained with a Perkin-
Elmer LS-5B spectrofluorometer. Bandwidths used for
excitation and emission were 5 nm.

Crystals were mounted on a micropipette cone and
were placed in the center of the cuvette holder of the
fluorometer. Observed fluorescence intensities were cor-
rected for the background intensities of a crystallized
buffer solution, obtained at saturated concentrations of
sodium phosphate buffer.

All experiments were performed at 22 ± 1°C.

RESULTS

Protein Preparation

Crystals of orosomucoid-progesterone obtained af-
ter 1 year of growth are displayed in Fig. 1. The organ-
ization of the protein in the crystals was identified by
small- and wide-angle x-ray diffraction studies (J. R. Al-
bani and R. Martinez, paper in preparation). Briefly, the
results show that both protein moiety and glycan resi-
dues are crystallized. The proteins are linked together by
the glycans, a phenomenon already observed in other
glycoproteins [24-28]. The volume of one protein within
the crystal was determined to be equal to 81,680 A3, a
value close to that (72,453 A3) of a spherical protein of
molecular weight equal to 41,000. Thus, the crystal vol-
ume per unit molecular weight, Vm, was calculated to be
1.99 A3/Da, which corresponds to a solvent of about
35%. This value is within the normal range for protein
crystals [29-32].

Progesterone, a hydrophobic ligand, was added to
the solution of orosomucoid in order to decrease the hy-
drophilicity of the protein and to facilitate its crystalli-
zation. Since we did not attempt to prepare the crystals
without adding progesterone, we are not able, for the

moment, to define the role of the ligand in the procedure
of crystallization.

Fluorescence Excitation and Emission Spectra

Figure 2 displays the fluorescence excitation spec-
trum of the crystallized orosomucoid. The value of the
bandwidth (38 ± 1 nm) indicates that the Trp residues
are responsible for the fluorescence of the protein in the
crystal.

The steady-state emission spectrum of the crystals
obtained by exciting with unpolarized light (Fig. 3a) is
identical to that obtained in aqueous buffer for the two
buried Trp residues (Fig. 3b), having an emission max-
imum at 331 ± 1 and 330 ± 1 nm, respectively (Xex,
295 nm) and a bandwidth equal to 43 ± 1 nm. In so-
lution, the emission maximum of orosomucoid-proges-
terone complex is equal to 332 ± 1 nm and the
bandwidth is 56 nm [11] (see also Fig. 3d). Thus, the
fluorescence observed for the crystal is characteristic of
Trp residues embedded in the protein matrix [33].

When excitation was performed with a vertical po-
larized light, whether on solution of orosomucoid or on
the crystal, the bandwidths of the spectra are 10 nm
smaller than those observed when the spectra were re-
corded with unpolarized light. In the crystal, the band-
width is equal to 35 ± 1 nm (Fig. 4a) instead of 43 ±
1 nm (Fig. 3a), and in solution, it is equal to 41 ± 1
nm (Fig. 4b) instead of 54 ± 1 nm (Fig. 3c). We do
not know whether this phenomenon is due to the polar-
izer used or not. Figure 4c exhibits the fluorescence
spectra of solution of orosomucoid obtained with un-
polarized light (A) and with vertically polarized light
(B). Although the bandwidth decreases when excitation
light is polarized, in solution and in the crystals, the
fluorescence emission maximum does not change with
the nature of the excitation light. In the dynamics stud-
ies, excitation was performed with a vertically polarized
light.

Excitation at 300 nm gives an emission maximum
in the same range as that obtained with excitation at 295
nm. Therefore, there is no evidence of tyrosine fluores-
cence contribution at excitation wavelengths equal to or
higher than 295 nm. This contribution may account for
a blue-shifted spectrum.

Dynamics of the Microenvironments of the Buried
Trp Residues

The red-edge excitation spectra method is used to
monitor motions around the fluorophores [10-21]. Trp
residues and their direct microenvironment (which con-
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Fig. 2. Fluorescence excitation spectrum of a crystal of orosomucoid-
progesterone complex. \cm = 335 nm. Excitation and emission slits
were 5 nm. The spectrum was recorded by excitation with unpolarized
light.

sists of the dipole of both surrounding amino acids and
solvent molecules in case of the exposed Trp residues)
are associated by their dipoles. The dipoles referred here
are the result of the charge distribution in the molecular
plane. The excitation of the solution results in a redis-
tribution of electronic charge on the fluorophore, induc-
ing a significant change in both direction and strength
of its dipole moment. If the dipole of the fluorophore
microenvironment is able to relax before fluorophore
emission, then this environment is considered to be fluid.
This motion may induce that of the tryptophan. The
emission maximum from a relaxed state does not change
with the excitation wavelength, while an emission max-
imum from a nonrelaxed state will depend on it. Emis-
sion maxima are compared only if the spectra are
symmetric. Otherwise, the centers of gravity should be
compared.

Figure 5 displays the fluorescence spectra of Trp
residues of crystals of orosomucoid-progesterone com-
plex obtained by exciting with vertically polarized light
at three excitation wavelengths, 295, 300, and 305 nm.
The maximum (331 nm) of the tryptophan fluorescence
of the crystals does not change with the excitation wave-
length. The same result was obtained in the absence and
presence of progesterone for orosomucoid in solution

Fig. 1. Photograph (X57) of crystals of orosomucoid-progesterone complex, obtained in the presence of lead acetate.
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Fig. 3. Fluorescence emission spectra of a crystal of orosomucoid-progesterone complex (\cm, 331 nm; and bandwidth = 43
nm) (a) and of the two buried Trp residues in a solution of orosomucoid-progesterone complex (Xcm, 330 nm; bandwidth = 43
nm) (b). Xex = 295 nm. Excitation and emission slits were 5 nm. The spectrum of the crystal was recorded by exciting the
sample with unpolarized light. Spectrum b was obtained from fluorescence intensity quenching by cesium of a solution of
orosomucoid-progesterone complex, after extrapolating to [Cs+] = x as indicated in Ref. 11. The spectra obtained from the
crystal and from the solution are displayed together in (c) (A and B, respectively), (d) exhibits the fluorescence emission spectra
of crystals of orosomucoid-progesterone complex (A) and of a solution of orosomucoid-progesterone complex (B), both obtained
at an excitation wavelength of 295 nm with unpolarized light.

[10,11,21,34]. As the emission spectra are asymmetric,
we converted them to a wavenumber scale,

then we compared the positions of their centers of grav-
ity or mean wavenumber v.

where Ii is the fluorescence intensity at the wavenumber
vi. The values of the centers of gravity are 3.0208 X 104

cm-1 (331 nm), 3.015 X 104 cm-1 (331.7 nm), and
3.0303 X 104 cm-1 (330 nm) at Xex 295, 300, and 305
nm, respectively.
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Fig. 4. Steady-state fluorescence emission spectra of crystals of orosomucoid-progesterone complex (Xmax, 330 nm; bandwidth = 35 ±
1 nm) (a) and of a solution of orosomucoid-progesterone complex (X^, 332 ± 1 nm; bandwidth = 41 nm) (b), both recorded with
a vertically polarized excitation light. The excitation wavelength used for the two spectra is 295 nm. (c) displays the spectra of
orosomucoid-progesterone in solution obtained with unpolarized light (A) and with vertically polarized excitation light (B).

Figure 5 exhibits the calculated emission spectra
(dashed lines) obtained by assuming the position of the
maximum equal to the center of gravity. Since the center
of gravity of the fluorescence spectrum does not change
with the excitation wavelength, emission occurs after re-
laxation process. In this case, the emission energy and
thus the emission maximum and the center of gravity of
the spectrum are independent of the excitation wave-

length. Therefore, our results indicate that the microen-
vironment of the Trp residues is not rigid. This is in
good agreement with those found in solution for oro-
somucoid prepared by chromatographic methods. Since
we are observing the emission from the two buried Trp
residues, we are monitoring the dynamics around both
Trp residues. The red-edge excitation spectra method
gives information on the mean motion of the microen-
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Fig. 5. Steady-state fluorescence emission spectra of a crystal of oro-
somucoid, recorded at three excitation wavelengths, 295 nm (a), 300
nm (b), and 305 nm (c). The dotted lines show the spectra obtained
by considering the maximum equal to the centers of gravity, 331,
331.7, and 330 nm, at Xcx 295, 300, and 305 nm, respectively. Exci-
tation and emission slits were 5 nm. The spectra were obtained with
a vertically excitation light.

vironment of the Trp residues, the method does not al-
low to study the dynamic behaviour of each
tryptophanyl residue.

Rotation of the crystal around the excitation beam
by steps of 45 ± 5° does not induce any modification
in the red-edge excitation spectra results. At all angles
(0, 45, 90, 135, and 180°), no shift was observed either
in the fluorescence maximum or in the center of gravity
of the spectrum (Figs. 6A-E). This result indicates
clearly that at all the angles we are monitoring the dy-
namics of the same microenvironments of the Trp resi-
dues in the crystal of protein. At all angles, we are
exciting the dipoles of the two buried Trp residues.

Tryptophan has two overlapping S0 -> S, electronic
transitions ('La and 'Lb) which are perpendicular to each
other [35-38]. Both the S0 -» 'L, and the S0 -» 'Lb

transitions occur in the 260- to 300-nm range. In polar
solvents, 'La has a lower energy than 'Lb, and emission
from this lowest state will be observed. Since the fluo-
rescence intensity of a fluorophore is proportional to the
square of the absorption transition probability, then it
should vary with the angular dependence of the fluorop-
hore's dipole with respect to the direction of the exci-
tation beam. If the orientation of the dipoles of the Trp
residues is modified as the result of the motion of the
Trp residues, then the fluorescence intensity will change

with the angle of the rotation of the crystal. In the ab-
sence of motions, the fluorescence intensity will remain
constant at all positions of the crystal, since we are mon-
itoring a definite orientation of the dipoles. One also
should note that we are monitoring the fluorescence of
two Trp residues. Therefore, the fluorescence intensity
variation, if any, will be the result of the relative mo-
bility of each Trp residues.

The fluorescence intensity variation as a function of
angles of rotation obtained at three excitation wave-
lengths, 295, 300, and 305 nm, is shown in Fig. 7. The
dynamics of the microenvironment of the Trp residues
will induce the motion of the fluorophore. This motion,
within the nanosecond range, will modify the orientation
of its corresponding dipole, thus affecting its absorption
and its emission. Since we have two Trp residues, the
results obtained in Fig. 7 clearly indicate that at least
one dipole is changing its orientation with time as the
result of the dynamics of the corresponding Trp residue.

DISCUSSION

In 1953, F. Schmid [22] described a method of
crystallization where the solution is heated in order to
dissolve the orosomucoid and to evaporate the metha-
nol-acetone mixture. We attempted to crystallize the
protein by following the same procedure without any
success. We reached 70°C and failed to obtain a limpid
solution. We repeated the experiment five times without
any success.

In our procedure, we did not heat the solution, but
we performed a slow evaporation at 5°C. The important
growth of the crystals could be the result of the slow
growth at low temperatures. The presence of a high con-
centration of carbohydrate in orosomucoid plays an im-
portant role in the global crystallization and induces the
spacial conformation and orientation of the protein in
the crystal [39].

In principle, in order to observe an "entity" with
x-ray diffraction studies, its mobility within the crystal
should be reduced. For example, flavocytochrome b2, the
L(+)-lactate: cytochrome c oxidoreductase (EC.
1.1.2.3), is a tetrameric enzyme (Mr, 235 kDa) contain-
ing one flavin monomucleotide (FMN) and one proto-
heme IX per protomer [40], The enzyme can be cleaved
by controlled proteolysis into two functional derivatives:
the cytochrome b2 core, a monomer of molecular mass
equal to 14 kDa; and flavodehydrogenase, a tetramer of
molecular mass equal to 160 kDa [41]. Each protomer
of the flavodehydrogenase binds one cytochrome b2



220 Albani

Fig. 6. Steady-state fluorescence spectra of a crystal of orosomucoid, recorded at three excitation wavelengths, 295 (a), 300 (b),
and 305 nm (c), and at different angular position of the crystal relative to the excitation beam of vertically polarized light. (A)
0°, (B) 45°, (C) 90°, (D) 135°, and (E) 180°. The error in the value of the angles was estimated to be ± 5°. The plots in A are
the same as those shown in Fig. 5.

core. The x-ray diffraction studies performed on flavo-
cytochrome b2 from Saccharomyces cerevisae indicated
that two cytochrome b2 cores are well ordered in the
crystal lattice and the two others are disordered, com-
pletely absent from the electron density map [42].

Fluorescence titration of flavodehydrogenase-2-/?-
toluidinylnaphthalene-6-sulfonate (TNS) complex with
cytochrome b2 core showed that there are two classes of
cytochromes with different affinities for the flavodehy-
drogenase protomers. The two cytochromes of higher

affinity bind tightly to the flavodehydrogenase subunits,
giving a well—ordered entity in the crystal lattice. The
two other cytochromes, with a low affinity, display con-
stant motions inducing the formation of a complex of
shorter lifetime with the flavodehydrogenase protomers
[43]. This complex would not be observed in x-ray dif-
fraction studies [42].

In glycoproteins, the heterogeneity and the motions
of glycans are two major problems for structural studies.
Heterogeneous glycans represent an obstacle for crys-
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Fig. 7. Dependence of the fluorescence intensity on the crystal ori-
entation with respect to the vertical direction of the excitation light.
The data are from Fig. 6 and correspond to the intensities of the peaks.
Excitation wavelengths are 295 run (a), 300 nm (b), and 305 nm (c).

tallization, however, this does not mean that crystalli-
zation cannot be obtained. For a review of x-ray studies
of glycoproteins, see Ref. 39.

All N-linked sugars, such as those of orosomucoid,
contain a pentasaccharide Man3 Glc NAc2 core (Man,
mannose; GlcNAc, TV-acetylglucosamine). The hetero-
geneity of N-linked glycans originates primarily from
the presence, absence, type, or length of the sugar side
chains attached. The freedom of rotation around the gly-

cosidic bonds induces a high flexibility of the molecules.
Also, glycans are often solvent exposed on the protein
surface, and in most glycoprotein structures known to
date, only the 1-4 sugar residues most proximal to the
glycosylation site are immobilized [39]. In orosomucoid,
the carbohydrate side chains (largely A/-acetylglucosamine
and Af-acetylneuraminic acid) exhibit broad 'H NMR
spectra resonances at 2.04 and 2.08 ppm [44]. The broad
peak corresponds to a spin-spin relaxation time 72 of 450
ms [45,46]. In NMR, the physical system is perturbed
from its equilibrium condition by introducing an external
magnetic field, and then the perturbing influence is re-
moved. The system will then return to its original equi-
librium condition. However, it does not return
instantaneously, but takes a finite time to readjust to the
changed conditions. The system is said to relax with a
relaxation time T. If T is small, relaxation is fast, whereas
if T is large, relaxation is slow. The internal fluctuating
magnetic field which causes relaxation owes its existence
to Brownian motion, characterized by the rotational cor-
relation time TC. In solution, the relaxation time is long
when TC is short and becomes shorter as TC increases [47].
For a relaxation time of 450 ms, the TC value is near 0.1
ns. The rotational correlation time of orosomucoid is
equal to 17 ns [19]. Thus, the carbohydrate side-chain
residues are highly mobile compared to the protein.

In crystals of glycoproteins, the electron density of
the glycans can be obtained, when their mobility is de-
creased. This decrease was observed when glycans
bridge two identical proteins [27-29] or two subunits of
a protein such as the IgG Fc dimer [25,26].

In crystals of orosomucoid-progesterone complex,
the proteins are linked together with the glycans (J. R.
Albani and R. Martinez, paper in preparation). This pro-
tein-protein interaction is strong, inducing a decrease in
the global rotation of the whole system and thus allow-
ing observation of the electron density of the system.

The fluorescence excitation and emission spectra of
the crystals (Figs. 2 and 3a, respectively) are character-
istic of the fluorescence of Trp residues in proteins. The
position of the emission peak (331 nm) and the value of
the bandwidth (43 ± 1 nm) are typical for proteins con-
taining tryptophan residues in a hydrophobic environ-
ment [33], In fact, the characteristics of the emission
spectrum of the crystals of orosomucoid-progesterone
complex are identical to those observed in solution for
the two buried Trp residues in the orosomucoid-proges-
terone complex. Therefore, the two Trp residues buried
in the protein core have the same microenvironment in
crystal and in solution.

Since the fluorescence emission spectrum of the
crystals is characteristic of Trp residues buried in the
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protein core, this means that the fluorescence of the sur-
face Tip residue is completely quenched. This result may
be explained by the fact that the protein-protein inter-
action in the crystal occurs via the surface of the protein.
The Trp residue at the surface will be in contact with
two proteins, facilitating high energy transfer to the
neighboring amino acids. This result is in good agreement
with that found by x-ray diffraction studies, i.e., the pro-
teins are linked together at their surface by the glycans
(J. R. Albani and R. Martinez, paper in preparation).

The red-edge excitation spectra method is very sen-
sitive to the changes that occur in the microenvironment
of the Trp residues. For example, Trp residues of intact
lens protein from rat exhibit an emission shift of 14 nm
upon varying the excitation from 290 to 308 nm. Photo-
damaging the lens induces an emission shift of 24 nm [48].
We also found that by modifying the method of prepara-
tion of orosomucoid, we were able to obtain a protein that
has the same secondary structure as the one described in
the present work, but with an altered Trp residue micro-
environment exhibiting restriction of motions. The emis-
sion maximum of the fluorophore shifts from 337 to 347
nm upon excitation from 295 to 305 nm [21].

In crystals of orosomucoid-progesterone complex,
the absence of a shift in the emission indicates that the
microenvironment of the buried Trp residues exhibits re-
sidual motions (Fig. 5). This result is identical to that
observed in solution for orosomucoid-progesterone
complex), since we found a residual motion for the two
buried Trp residues [11]. However, in solution and in
the presence of progesterone, the resistance to rotation
of the buried Trp residues is less important than that of
the surface Trp residue [10,11]. Thus, an emission from
two different relaxed states cannot be excluded, i.e., the
emission of the buried Trp residues will occur from a
relaxed state of lower energy than that of the emission
of the surface Trp residue. Then an equilibrium occurs
quickly so that it is difficult to separate the emission of
each relaxed state. Therefore, upon red-edge excitation,
no shift in the emission is observed.

In the crystals, we are observing the emission from
the two buried Trp residues, only. Therefore, the red-
edge excitation spectra method deals with the dynamics
of the protein core. Since no red-edge excitation shift is
observed in the crystal emission, the dipolar relaxation
of the microenvironment of the two buried Trp residues,
is fast. This could be explained by the water content of
the protein crystal (35%). Therefore, crystallization of
orosomucoid does not modify the structure and the dy-
namics of the protein core. However, we do not know
from our experiments whether or not the two Trp resi-
dues have the same degree of freedom. Also, one may

not exclude that, in solution and in crystal, the fluores-
cence of one of the two buried Trp residues could be
completely quenched.

The fact that the emission maximum does not
change upon rotation of the crystal (Fig. 6) is, in our
case, another proof that the emission occurs from the
buried Trp residues. Otherwise, we would observe a shift
to 345 nm and an increase in the bandwidth, if at certain
angles we are observing an emission from the Trp res-
idue of the surface. The fluorescence intensity depend-
ence on the angles of rotation of the crystals (Fig. 7) is
the result of the motion of at least one Trp residue. This
motion will modify the orientation of the corresponding
dipole and thus will affect its absorption and its emis-
sion. More accurate change in the fluorescence intensity
would be obtained if the angular variation is 5 instead
of 45°. Unfortunately, we do not at present have the
equipment for such an experiment.

Fluorescence intensities of the Trp residues in oro-
somucoid decay as a sum of three exponentials with life-
times equal to 0.35 ± 0.03, 1.66 ± 0.07, and 4.64 ±
0.34 ns, and the corresponding amplitude fractions are
0.39 ± 0.05, 0.54 ± 0.03, and 0.07 ± 0.01, respec-
tively (Xem = 330 nm). TO = 2.23 ns [49]. Recently, we
attributed the two long lifetimes (1.42 and 3.61 ns) mea-
sured for the asialylated orosomucoid to the Trp residues
embedded in the protein core and to the Trp residue of
the surface, respectively [10,11].

The multiexponential decay may have different or-
igins such as the emission from different relaxed states
or the emission from different rotamer conformations.
Also, the dynamics of the Trp residues within their mi-
croenvironments or the presence of two protein isoforms
can induce different fluorescence lifetimes.

It has been shown that orosomucoid exhibits ge-
netic polymorphism and that amino acid sequences may
vary within a single individual. Thus, one should not
exclude the possibility of having three lifetimes origi-
nating from Trp residues that emit from three oroso-
mucoid isoforms. However, multiexponential decay is
frequently observed for numbers of proteins that do not
exhibit genetic polymorphism. Also, since all the oro-
somucoid preparations always give three lifetimes that
are identical from one preparation to another, the pos-
sibility of an emission from two or three orosomucoid
isoforms is to be excluded. This possibility was also ex-
cluded by studying the interaction between orosomucoid
and TNS [49].

The rotamer model proposes that the Trp side chain
may adopt low-energy conformations, due to rotation
around the C0-CP and/or the Cp-Cy bonds of the side
chains [50], with each conformation displaying a distinct
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decay time. In this model, if, for example, a protein con-
tains one Trp residue that exhibits three fluorescence
lifetimes such as is the case for the Trp residue in Era-
butoxin b (3EBX), we should have at least three Trp
side-chain rotamer conformations (contained in separate
protein molecules [51]). But what about the dynamics
of this Trp residue? The authors clearly indicate that the
time-resolved data for 3EBX in solution at 300—nm ex-
citation were consistent with those measured at 295 nm.
In other words, upon increasing the excitation wave-
length, no shift in the emission maximum or in the cen-
ter of gravity of the spectrum of the Trp residue was
observed. Thus, the authors clearly show in their work
that the Trp residue in 3EBX displays residual motions.
Therefore, since the fluorescence emission of the Trp
residue in the crystal is similar to that observed in so-
lution upon excitation at 295 nm, one should expect to
obtain identical data in the crystal and in solution when
excitation is performed at 300 nm. The absence of a red
shift in the emission of Trp residues upon variation of
the excitation wavelength clearly means that the micro-
environment of the fluorophore is mobile. This mobility
could induce that of the fluorophore itself. The dynamics
of the Trp residue on the nanosecond time scale will
modify the orientation and the intensity of the fluorop-
hore dipole with time. The absorption and thus the emis-
sion of the fluorophore will vary with the dipole
orientation. This local dynamics would affect the life-
time measurements.

The rotamer model does not take into consideration
the interaction of the Trp residues with the surrounding
microenvironments or the dynamics of the Trp residues
and of their microenvironments. This model is not suf-
ficient by itself to explain the origin of the fluorescence
lifetimes or any other fluorescence observables. One also
should not forget that the structure and the dynamics of
the Trp microenvironment differ from one protein to an-
other. And if the fluorescence observables including the
fluorescence lifetime are independent of the structure
and the dynamics of the microenvironment of the Trp
residue, one should always measure the same values.
Only denaturation of proteins results in uniform lifetimes
near 2.5 ns, indicating that the structure and the dynam-
ics of the tertiary structure, and not the amino acid se-
quence, are the origin of the varied fluorescence
lifetimes among native proteins [52]. Therefore, if the
origin of fluorescence lifetimes of Trp residues in pro-
teins has to be explained by the rotamer model, one
should complete the definition of this model by saying
that energy conformations adopted by the Trp side chain
are dependent on the structure and the dynamics of the
surrounding microenvironment.

Emission from different relaxed states arises from
the dynamics of the microenvironment of the fluorop-
hore. We recently found that the dynamics and the struc-
ture of the microenvironment of the Trp residues and the
tertiary structure of the protein have an important effect
on the fluorescence intensity, the position of the maxi-
mum of the center of gravity, and the dependence of the
anisotropy on the emission and excitation wavelengths
[21].

Conclusion

The aim of this work was to show that it is possible
to crystallize a glycoprotein containing 40% carbohy-
drate, such as orosomucoid, and to study its structure
and dynamics. Our red-edge excitation spectra studies
indicate that the structure and the dynamics of the core
of the protein in the cystal are identical to those obtained
in solution. Thus crystallization of orosomucoid does not
affect the structure and the dynamics of the protein core.
The fact that the fluorescence spectrum of orosomucoid-
progesterone complex in the crystal has the same char-
acteristic as that observed for the two buried Trp
residues when the protein-ligand complex is in aqueous
solution indicates that, in the crystal, the fluorescence of
the surface Trp residue is quenched, as the result of the
tight linkage between two neighboring molecules of oro-
somucoid (J. R. Albani and R. Martinez, paper in prep-
aration). Interaction between the Trp residue at the
protein surface and the neighboring amino acid residues
increases energy transfer from the Trp residues to the
other amino acid residues.

Our next goal is to measure the fluorescence life-
time of the Trp residues and to obtain the decay-asso-
ciated spectra. This will allow us to compare the results
obtained on the crystal to those obtained in solution, in
the hope that more information can be obtained on the
structure and the dynamics of orosomucoid.
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