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Abstract

Dynamics studies on Calcofluor White bound to the carbohydrate residues of sialylated and asialylated o,-acid
glycoprotein (orosomucoid) have been performed. The interaction between the fluorophore and the protein was
found to occur preferentially with the glycan residues with a dependence on their spatial conformation. In the
presence of sialylated a;-acid glycoprotein, excitation at the red edge of the absorption spectrum of calcofluor does
not lead to a shift in the fluorescence emission maximum (440 nm) of the fluorophore. Thus, the emission of
calcofluor occurs from a relaxed state. This is confirmed by anisotropy studies as a function of temperature (Perrin
plot). In the presence of asialylated o,;-acid glycoprotein, red-edge excitation spectra show an important shift (8 nm)
of the fluorescence emission maximum of the probe. This reveals that emission of calcofluor occurs before relaxation
of the surrounding carbohydrate residues occurs. Emission from a non-relaxed state means that Calcofluor molecules
are bound tightly to the carbohydrate residues, a result confirmed by anisotropy studies. © 1999 Elsevier Science Ltd.
All rights reserved.
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weight of 41,000 Da, consists of a chain of 181
amino acids. It contains 40% carbohydrate by
weight and has up to 16 sialic acid residues

1. Introduction

The human a,-acid glycoprotein (orosomu-
coid), a plasma glycoprotein of molecular
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(10-14% by weight) [1]. Five-heteropolysac-
charide groups are linked via an N-glycosylic
bond to the asparaginyl residues of the protein
[2]. This high degree of sialylation and the
presence of acidic amino acid residues give
rise to a very low pl of 2.8-3.8 [3,4]. The
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protein contains tetra-antennary as well as di-
and tri-antennary glycans.

a,-Acid glycoprotein contains three Trp
residues, one at the surface and two embedded
in the protein matrix [1,2]. The protein also
binds the fluorescent probe, 2-(p-tolu-
idinyl)naphthalene-6-sulfonate (TNS) [5]. We
have used the fluorescence properties of the
TNS and the Trp residues of the protein to
study the local and global dynamics of the
protein and to show the relationship that ex-
ists between the structure and the dynamics of
the protein part of a,-acid glycoprotein and its
ability to bind ligands such as the propra-
nolol, a B-adrenergic blocker, and steroid hor-
mones such as progesterone [6,7].

Calcofluor White is a fluorescent probe ca-
pable of making hydrogen bonds with B-(1 —
4)- and B-(1 - 3)-linked polysaccharides [8].
The fluorophore shows a high affinity for
chitin, cellulose and succinoglycan, forming
hydrogen bonds with free hydroxyl groups [9].
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Calcofluor White

Calcofluor i1s commonly used to study the
mechanism by which cellulose and other car-
bohydrate structures are formed in vivo and is
also widely used in clinical studies [10,11].
Recently, we reported for the first time experi-
ments in vitro characterizing the nature of the
interaction between calcofluor and o,-acid gly-
coprotein. The interaction between the
fluorophore and the protein occurs preferen-
tially with the glycan residues, and it depends
on their spatial conformation. The stoi-
chiometry and the association constant of the
calcofluor—a;-acid glycoprotein complex were
found to be equal to 1:1 and 0.15 uM ',
respectively. We also found that binding of
the fluorophore to the protein induces a red
shift of the emission of the fluorophore [12].

The dynamics of proteins are currently in-
vestigated by fluorescence anisotropy studies
and by the red-edge excitation spectra method
[13,14]. Excitation at the red edge of the ab-

sorption spectrum of the fluorophore
molecules allows one to study the flexibility of
their microenvironment. In the presence of
local motion, the position of the maximum of
the fluorescence spectrum of the fluorophore
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
[15,16].

Anisotropy studies allow one to monitor the
dynamics of the fluorophore itself. Thus, both
techniques are complementary, but different
types of information are collected.

Fluorescence spectroscopy studies per-
formed on the Trp residues of the asialylated
a,-acid glycoprotein have indicated that the
sialic acid residues do not affect the internal
dynamics of the protein [17].

In the present work, we studied the dynam-
ics of Calcofluor bound to sialylated and asia-
lylated o,-acid glycoprotein. In the presence of
sialylated protein, we found that the emission
maximum of the fluorophore does not vary
with the excitation wavelength. This result
reveals that the carbohydrate residues sur-
rounding the Calcofluor exhibit free motion.

When calcofluor is bound to asialylated o,-
acid glycoprotein, the emission maximum of
the fluorophore is shifted to longer wave-
lengths upon changing the excitation wave-
length. This means that the calcofluor
microenvironment is rigid.

Anisotropy measurements as a function of
temperature confirm the red-edge excitation
spectra experiments, i.e., in the presence of
sialylated o;-acid glycoprotein, Calcofluor
does have residual motion, while in the pres-
ence of asialylated protein, it is bound tightly
to the carbohydrate residues of the o,-acid
glycoprotein. Therefore, our results indicate
that the highly mobile sialic acid residues in-
duce the mobility of Calcofluor. Also, they
indicate that most of the other glycan residues
are tightly bound to the protein core.

2. Materials and methods
a,-Acid glycoprotein was purified from

serum by a successive combination of ion-dis-
placement chromatography, gel-filtration and
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ion-exchange chromatography as previously
described [18]. The lyophilized protein was
dissolved in a 10 mM phosphate—0.143 M
NaCl buffer, pH 7. Its concentration was de-
termined spectrophotometrically using an ex-
tinction coefficient of 29.7 mM ~! cm ! at 278
nm [3].

The asialylation of o,-acid glycoprotein was
performed with Clostridium perfringens neu-
raminidase, as described in Ref. [19].

Calcofluor White was purchased from
Sigma Chemical Co. Its concentration was
determined spectrophotometrically using an
extinction coefficient of 4388 M~' cm ! at
352.7 nm [12].

Absorbance data were obtained with a Shi-
madzu MPS-2000 spectrophotometer using 1-
cm pathlength cuvettes.

Fluorescence spectra were recorded with a
Perkin—FElmer LS-5B spectrofluorometer. The
bandwidth used for excitation and emission
was 5 nm. The quartz cuvettes had optical
pathlengths equal to 1 and 0.4 cm for the
emission and excitation wavelengths, respec-
tively. Observed fluorescence intensities were
corrected for the absorption as described in
Refs. [20,21]. Finally, fluorescence spectra
were corrected for the background intensities
of the buffer solution.

The Perrin plot was obtained from an-
isotropy data measured with the same instru-
ment (4., 300 nm and 4., 435 or 450 in the
presence of sialylated or asialylated o;-acid
glycoprotein, respectively). The bandwidth
used for the excitation and the emission was
10 nm.

Fluorescence lifetime data of Calcofluor
free in water or when bound to a,-acid glyco-
protein were determined at 20 °C by phase
fluorometry using the multifrequency and the
cross-correlation methods [22].

Table 1

In this work, lifetime measurements were
obtained with an automated multifrequency
phase fluorometer. The instrument and the
analysis techniques are as described previously
[23,24], except for the excitation source which
now consists of a mode-locked titanium sap-
phire laser (Spectra Physics Tsunami) pumped
by a Beamlock 2080 Ar*-ion laser (Spectra
Physics 2080). The excitation wavelength of
295 nm was obtained after frequency tripling
in a Spectra Physics GWU unit, and the low-
est modulation frequency was obtained from a
pulse picker (Spectra Physics). Emission was
collected through a cut-off filter at 390 nm.
Therefore, although at 295 nm both Trp
residues and calcofluor were excited, at the
emission wavelengths, we observed only the
fluorescence of the calcofluor.

Phase measurements were carried out at 50
frequencies between 1 MHz and 1 GHz. Data
analysis i1s described in Ref. [23]. Assignment
of the minimum number of lifetimes necessary
to obtain a good fit is judged on the basis of
the least-squares sum and the autocorrelation
function of the residuals. As a reference, P-ter-
phenyl dissolved in cyclohexane was used with
a lifetime of 1 ns [25]. All experiments were
performed at 20 °C.

The fluorescence intensity of Calcofluor,
whether free in solution or bound to the car-
bohydrates of a,-acid glycoprotein, decays as
a sum of four exponentials. When the
fluorophore is free in solution, the intensity
average fluorescence lifetime {7) [26] 1s 0.85
ns. It increases to 4.8 and 3.9 ns when the
fluorophore is bound to the sialylated and to
the asialylated protein, respectively.

The values of () were used to calculate the
rotational correlation time from the Perrin
plots.

Fluorescence lifetimes (ns) and corresponding fractional intensities of Calcofluor free in solution and bound to sialylated and

asialylated o-acid glycoprotein obtained by global analysis

Calcofluor free in solution (3.2 uM). y°>= 1.4
L)

0.64+0.3

Ty

T 13
0.3+0.03 2.284+0.5 14.05+4

0.34 +0.1

S S Ja ()
0.6 +0.1 0.03 +0.01 0.02 0.85

Calcofluor (6.6 uM) in the presence of 4.7 uM sialylated o,-acid glycoprotein. y° = 2.3

0.41 +0.01 1.07 +0.03 4.01+0.2 12.13+0.14

0.27 4+ 0.008

0.25 +0.005 0.15+0.04 0.32 4.8

Calcofluor (4.55 uM) in the presence of 5.5 uM asialylated o,-acid glycoprotein. y° =3

0.35 4+ 0.007 0.80 +0.021 33+0.12 11.424+0.12

0.22 4+ 0.02

0.35+0.01 0.16 +0.03 0.26 3.9
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Fig. 1. Normalized steady-state fluorescence spectra of 10 uM
Calcofluor in the presence of 15 pM sialylated o,-acid glyco-
protein recorded at three excitation wavelengths, 385 nm (a),
395 nm (b) and 405 nm (c). The fluorescence maximum is
equal to 440 nm at the three excitation wavelengths.

Table 1 summarizes the lifetimes obtained
for Calcofluor free in solution, in the presence
of sialylatyed and asialylated o,-acid glyco-
protein.

3. Theory of red-edge excitation shift

Red-edge excitation spectra are used to
monitor motions around the fluorophores
[13-16]. Calcofluor molecules and their direct
microenvironment (which consists of the
dipole of both surrounding glycan residues
and solvent molecules) are associated by their
dipoles. The dipoles referred to here are the
result of the charge distribution in the molecu-
lar plane. The excitation of the solution results
in a redistribution of electronic charge on the
fluorophore, inducing a significant change in
both direction and strength of its dipole mo-
ment. Thus, dipole—dipole interaction in the
ground state is different from that in the
excited state. This new interaction is unstable.
To reach stability, fluorophore molecules need
to use some of their energy to reorient the
dipole of the binding site. The dipole reorien-
tation is called the relaxation phenomenon.
After relaxation, fluorescence emission occurs.
This is the case when relaxation is faster than

fluorescence, i.e., the relaxation lifetime 7, is
shorter than the fluorescence lifetime <7).
This happens when the binding site is flexible.
This motion may induce that of calcofluor.
Emission from a relaxed state does not change
with the excitation wavelength.

When the binding site is rigid, fluorescence
emission occurs before relaxation. In this case
excitation at the longer-wavelength edge of
the absorption band photoselects a population
of fluorophores energetically different from
those photoselected when the excitation wave-
length is shorter. When the red-edge excitation
is performed, the energy hvei® of the elec-
tronic transition is equal to E% — Eg'e,
where E, — E, refers to the difference of en-
ergy between excited and ground states; hvedee
is lower than Av*Y, the energy of the electronic
transition that occurs at short wavelengths.
Thus, excitation at the red edge gives a
fluorescence spectrum with a maximum lo-
cated at higher wavelengths than that ob-
tained when excitation is performed at short
wavelengths.

Thus, the observation of a red shift of /.,
max, upon a red shift in /.., indicates that the
system meets with the {t) < r. condition. This
means a decreased mobility of the fluorophore
on its binding site with respect to the dipolar
matrix of the site.

4. Results

Dynamics of Calcofluor bound to sialylated
o,-acid glycoprotein

Red-edge excitation spectra. Fig. 1 displays
the normalized fluorescence emission spectra of
10 uM of calcofluor in the presence of 15 uM
of «a,-acid glycoprotein obtained at three
excitation wavelengths. The maximum (440
nm) of the Calcofluor fluorescence does not
change with the excitation wavelength (/.,, 385,
395 and 405 nm). The results obtained clearly
indicate that the microenvironment of the
Calcofluor has residual motions independent of
the global rotation of the protein, and this may
induce the local motion of Calcofluor.

Steady-state anisotropy as a function of
temperature. The rotational correlation time @,
of a hydrated sphere is obtained from the
equation
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®o(T) =3.87(T) x 10~ *M (1)

where M is the protein molecular mass and #
the viscosity of the medium [27]. o,-Acid gly-
coprotein can be considered to be spherical
[5,6], thus using Eq. (1), a rotational correla-
tion time of 16 ns is calculated for the protein.

Steady-state fluorescence anisotropy of 10
uM of Calcofluor in the presence of 5 uM of
a,-acid glycoprotein (A, =435 nm and /., =
300 nm) was performed at different tempera-
tures. A Perrin plot representation (Fig. 2(a),
Eq. (2)) [28] is drawn:

1/A=1/4,+ {1/ Py 4,
=1/4y+ (1/4,)(1 + RT<z)/nV) (2)

where 4 and A4, are the anisotropies in the
presence and the absence of rotational diffu-
sion, respectively, {(t>=4.8 ns, 5, V and &y
are the mean fluorescence lifetime, the viscos-
ity, the fluorophore rotational volume and its
rotational correlation time, respectively. This
plot enables us to obtain information concern-
ing the motion of the fluorophore. When the
fluorophore is tightly bound to the protein, its

0 s 1 " 1 " | "
0 100 200 300 400

T/n

Fig. 2. Steady-state fluorescence anisotropy vs. temperature
over viscosity for 5 pM Calcofluor in the presence of 10 uM
sialylated o,-acid glycoprotein (4., 300 nm; A.,, 435 nm)
(plot a), and for 8.5 uM Calcofluor in the presence of 5.5 uM
asialylated o,-acid glycoprotein (4, 300 nm; A, 445 nm)
(plot b). The data shown are the mean values of two measure-
ments, and they are obtained by thermal variation in the
range 15-35°C. The ratio T/y is expressed in Kelvins/cen-
tipoise.
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Fig. 3. Normalized steady-state fluorescence spectra of 7.5
pM Calcofluor in the presence of 5 pM asialylated o,-acid
glycoprotein recorded at three excitation wavelengths, 385 nm
(a), 395 nm (b) and 415 nm (c). The fluorescence maximum is
equal to 437, 440 and 445 nm at /., 385, 395 and 405 nm,
respectively.

motion will correspond to that of the protein.
In this case, @ will be equal to @;, and A4,
obtained experimentally with Eq. (2) will be
equal to that obtained at — 45 °C. When the
fluorophore exhibits significant motions when
bound to the protein, @ will be lower than
@, and will represent an apparent rotational
correlation time @,. Thus, @, will be the
result of two motions, that of the protein and
that the segmental motion of the fluorophore.
Also, in the presence of a segmental motion,
the extrapolated value of 4, 4(0) will be lower
than the A4, value obtained at — 45 °C.

The rotational correlation time @, (7.5 ns
at 20 °C) is lower than that (16 ns) expected
for o,-acid glycoprotein and thus indicates
that calcofluor displays segmental motions in-
dependent of the global rotation of the
protein. Thus, two motions contribute to the
depolarization process, the local motion of the
carbohydrate residues and the global rotation
of the protein, i.e., a fraction of the total
depolarization is lost due to the segmental
motion, and the remaining polarization decays
as a result of the rotational diffusion of the
protein.
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Dynamics of Calcofluor bound to asialylated
o,-acid glycoprotein. Fig. 3 exhibits the nor-
malized fluorescence emission spectra of 7.5
uM of Calcofluor bound to 5 pM of asialyl-
ated o,-acid glycoprotein obtained at three
excitation wavelengths. The maximum of the
fluorescence spectra of Calcofluor is a func-
tion of the excitation wavelength. At 385 nm,
the emission maximum is located at 437 nm. It
shifts to higher wavelengths (440 and 445 nm)
when the excitation wavelengths are 395 and
405 nm, respectively. This is taken as direct
evidence that carbohydrate residues in the mi-
croenvironment of Calcofluor exhibit re-
stricted motions.

Steady-state anisotropy as a function of tem-
perature. o,-Acid glycoprotein presents 16
sialic acid residues of molecular mass 314.
Thus, the molecular mass of asialylated o,-
acid glycoprotein is near 36,000. Eq. (1) yields
a rotational correlation time of 14 ns for the
asialylated protein.

Steady-state fluorescence anisotropy of 8.5
uM of calcofluor in the presence of 5.5 uM of
a,-acid glycoprotein (4., =445 nm and /£, =
300 nm) was performed at different tempera-
tures. The Perrin plot representation (Fig.
2(b)) yields a rotational correlation time @,
(19 ns at 20 °C), close to that (14 ns) expected
for asialylated o,-acid glycoprotein, revealing
the absence of a segmental motion. An-
isotropy results are in good agreement with
those obtained by red-edge excitation spectra
experiments, i.e., Calcofluor is bound tightly
to the carbohydrate residues of the protein.

5. Discussion

The emission of Calcofluor is sensitive to its
microenvironment, a characteristic that is
shared by many fluorophores such as tryp-
tophan [29], 2-(p-toluidinyl)naphthalene-6-sul-
fonate (TNS) [30], and flavin [31].

a,-Acid glycoprotein exhibits genetic poly-
morphism, so that its amino acid backbone
and the glycan antennae may vary within a
single individual [32]. This heterogeneity may
affect the interaction between extrinsic probes
such as TNS or Calcofluor and the protein.
For example, the multiple fluorescence inten-
sity decay observed for the calcofluor would

be the result of the microheterogeneity of the
carbohydrate residues. However, the multiex-
ponential decay was also observed for cal-
cofluor free in water. Therefore, the four
lifetimes observed are intrinsic to the cal-
cofluor and probably due to different possible
conformations of Calcofluor. Its binding to
a,-acid glycoprotein increases the average life-
time considerably. Looking closer at the data,
it is revealed that this increase is largely due to
an increase in the fractional intensities of the
two longest lifetimes. This increase is the re-
sult of the type of interaction between the
fluorophore and the carbohydrates of the gly-
coprotein. The results obtained with Cal-
cofluor are in good agreement with those
found with TNS: the protein microheterogene-
ity does not play any role in the interaction of
the protein with TNS and is not responsible of
the heterogencous fluorescence of the
fluorophore [33].

Dynamics of carbohydrate  residues,
whether free in solution or bound to a protein,
are usually studied by 'H NMR [34]. The
present work allows one for the first time to
follow the dynamics of a carbohydrate moiety
using a fluorescence approach. In fact, our
results show that the red-edge excitation spec-
tra and anisotropy measurements are sensitive
to the changes that occur in the microenviron-
ment of the Calcofluor, i.e., within the carbo-
hydrate residues.

In the red-edge excitation spectral studies, it
is the Calcofluor environment consisting
mainly of glycan residues and solvent dipoles
that is relaxing around the excited Calcofluor.
In the fluorescence anisotropy experiments, on
the other hand, the displacement of the emis-
sion dipole moment of the Calcofluor is moni-
tored. In the first approach, it is the
environment that is either fluid or rigid. In the
second approach, the restricted reorientational
motion of the fluorophore is followed.

Absence of red-edge excitation shift for Cal-
cofluor when bound to sialylated o,-acid gly-
coprotein meets with the fact that emission
occurs from a relaxed state, i.e., motions
around Calcofluor do exist. This result is in
good agreement with that found from the
anisotropy experiment, i.e., the Calcofluor ex-
hibits free motion. The apparent rotational
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correlation time (@, = 7.5 ns) obtained from
the Perrin plot is the result of the global
rotation of the protein and the local motion of
the Calcofluor.

In the presence of asialylated «,-acid glyco-
protein, a red-edge excitation shift of 8 nm is
observed. This indicates that the microenvi-
ronment of the fluorophore exhibits restricted
motion. Therefore, the carbohydrates in the
vicinity of Calcofluor in the asialylated a,-acid
glycoprotein are rigid and do not show any
segmental motion.

Anisotropy data as a function of tempera-
ture (Fig. 2(b)) yield a rotational correlation
time (19 ns) close to that (14 ns) theoretically
calculated for asialylated a,-acid glycoprotein.
Thus, in the asialylated protein, the Calcofluor
1s tightly bound to the carbohydrate residues
and follows the global motion of the protein.

When Calcofluor is dissolved in a solvent
such as water, a red-edge excitation shift in the
emission does not occur (data not shown).
Thus, the spectral properties of calcofluor ei-
ther bound to a,-acid glycoprotein or dis-
solved in a liquid isotropic solvent are not
equivalent. Calcofluor fluorescence is sensitive
to the polarity of the surrounding environment
and to the dynamics of this microenvironment.

Calcofluor free in solution fluoresces with an
emission maximum of 432 nm. When bound to
sialylated or asialylated «,-acid glycoprotein, it
emits with a maximum equal to 437 or 440 nm.
Also, the average fluorescence lifetime of cal-
cofluor, whether bound to sialylated or to
asialylated protein, is almost the same. Thus,
the presence of the sialic acid residues on
a,-acid glycoprotein does not affect the
fluorescence parameters of the bound Cal-
cofluor, although an interaction between the
fluorophore and the terminal glycan residues
occurs. In fact, our results show that this
interaction increases the local dynamics of
Calcofluor.

The rotational correlation time of the carbo-
hydrate side chains o,-acid glycoprotein
(largely 2-acetamido-2-deoxy-D-glucose and
N-acetylneuraminic acid), calculated from 'H
NMR experiments [35,36], is near 0.1 ns [16].
The rotational correlation time of «,-acid gly-
coprotein is equal to 16 ns. Thus, the carbohy-
drate side-chain residues are highly mobile
compared to the protein.

The present work clearly shows that the
sialic acid residues are highly mobile, inducing
the mobility of Calcofluor, while the other
glycan residues exhibit restricted motions. This
result is in good agreement with the finding
that in most glycoprotein structures known to
date, only the 1-4 sugar residues most proxi-
mal to the glycosylation site are immobilized
[37].

We recently showed that the fluorescence of
calcofluor can be used to study the structure
and the spatial organization of the glycans
[12], while the present work deals with the
possibility of using fluorescence properties of
calcofluor to study the dynamics of carbohy-
drate residues. Until now, structure and dy-
namics of glycans were studied mainly with
NMR and X-ray diffraction studies. Our work
shows that fluorescence spectroscopy can be a
complementary approach toward studying the
molecular dynamics of the glycan moiety.
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