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Abstract

Calcofluor White is a fluorescent probe that interacts with polysaccharides and is commonly used in clinical studies.
Interaction between Calcofluor White and carbohydrate residues of o,-acid glycoprotein (orosomucoid) was previously
followed by fluorescence titration of the Trp residues of the protein. A stoichiometry of one Calcofluor for one protein
has been found [J.R. Albani and Y.D. Plancke, Carbohydr. Res., 318 (1999) 193-200]. a,-Acid glycoprotein contains
40% carbohydrate by weight and has up to 16 sialic acid residues. Since binding of Calcofluor to «;-acid glycoprotein
occurs mainly on the carbohydrate residues, we studied in the present work the interaction between Calcofluor and
the protein by following the fluorescence change of the fluorophore. In order to establish the role of the sialic acid
residues in the interaction, the experiments were performed with the sialylated and asialylated protein. Interaction of
Calcofluor with sialylated a,-acid glycoprotein induces a red shift of the emission maximum of the fluorophore from
438 to 450 nm at saturation (one Calcofluor for one sialic acid) and an increase in the fluorescence intensity. At saturation
the fluorescence intensity increase levels off. Binding of Calcofluor to asialylated acid glycoprotein does not change
the position of the emission maximum of the fluorophore and induces a decrease in its fluorescence intensity. Saturation
occurs when 10 molecules of Calcofluor are bound to 1 mol of a,-acid glycoprotein. Since the protein contains five
heteropolysaccharide groups, we have 2 mol of Calcofluor for each group. Addition of free sialic acid to Calcofluor
induces a continuous decrease in the fluorescence intensity of the fluorophore but does not change the position of the
emission maximum. Our results confirm the presence of a defined spatial conformation of the sialic acid residues, a
conformation that disappears when they are free in solution. Dynamics studies on Calcofluor White and the
carbohydrate residues of o,-acid glycoprotein are also performed at saturating concentrations of Calcofluor using the
red-edge excitation spectra and steady-state anisotropy studies. The red-edge excitation spectra experiments show an
important shift (13 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 the microenvironment of bound Calcofluor is rigid, inducing in this way the rigidity of the fluorophore itself, a
result confirmed by anisotropy studies. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

o,-Acid glycoprotein (orosomucoid) is a
small acute-phase glycoprotein (M, =41,000)
that is negatively charged at physiological pH.
It consists of a chain of 181 amino acids,
contains 40% carbohydrate by weight, and has
up to 16 sialic acid residues (10-14% by
weight) [2]. Five heteropolysaccharide groups
are linked via an N-glycosylic bond to the
asparaginyl residues of the protein [3]. The
protein contains tetra-antennary as well as di-
and tri-antennary glycans.

Calcofluor White is a fluorescent probe ca-
pable of making hydrogen bonds with B-(1 —
4)- and B-(1 — 3)-linked polysaccharides [4]. It
1s commonly used to study the mechanism by
which cellulose and other carbohydrate struc-
tures are formed in vivo and is also widely
used in clinical studies [5,6].

Recently, we established that Calcofluor in-
teracts preferentially with the glycan residues
of o,-acid glycoprotein, the interaction being
dependent on their spatial conformation. The
stoichiometry and the association constant of
the Calcofluor o,-acid glycoprotein complex
were found to be equal to 1:1 and 0.15 uM !,
respectively [1]. Also, we found that at high
concentrations of Calcofluor compared with
the protein (200 uM of probe in the presence
of 7 uM of protein), the emission maximum of
the fluorophore is located at 445 instead of
438 nm when free in water, while at equimolar
concentrations of Calcofluor and «,-acid gly-
coprotein, the red shift of the emission maxi-
mum of the fluorophore is small (between 2
and 5 nm) [1].

In this previous study [I1] the binding
parameters of Calcofluor—ao,-acid glyco-
protein complex were determined by following
the decrease in the fluorescence intensity of
the Trp residues of the protein in the presence
of increasing concentrations of Calcofluor.
Since the fluorophore binds preferentially to
the carbohydrate residues, it is interesting to
know whether the data obtained when the
fluorescence parameters of Calcofluor itself
are followed, are identical or different to those
obtained with the fluorescence intensity de-
crease of the Trp residues. Therefore, in the
present work, we carried out titration experi-

ments of sialylated and asialylated o,;-acid gly-
coprotein with Calcofluor by following the
fluorescence intensity variation and the change
of the wavelength of maximum intensity of the
probe. The results reported here clearly show
that it is possible to titrate the sialic acid
residues of o,-acid glycoprotein and that the
method used is sensitive to the spatial confor-
mation of the sialic acid residues.

In a second study performed at equimolar
concentrations of Calcofluor and «;-acid gly-
coprotein, we showed that the sialic acid
residues are highly mobile, while the other
glycan residues exhibit restricted motions [7].
We investigated the dynamic properties of the
carbohydrate residues by fluorescence an-
isotropy studies and by the red-edge excitation
spectral method. The two techniques are com-
plementary since the red-edge excitation shift
allows the flexibility of the microenvironment
to be studied, while anisotropy allows the
dynamics of the fluorophore itself [8,9] to be
monitored.

Since in vivo experiments are usually car-
ried out at excess concentration of Calcofluor,
we investigated in the present work the effect
of the interaction between Calcofluor and o,;-
acid glycoprotein on the dynamics of the car-
bohydrate residues at high concentrations of
fluorophore. Our results show that at saturat-
ing concentrations of Calcofluor, the emission
maximum of the fluorophore is shifted to
longer wavelengths upon changing the excita-
tion wavelength. This means that the microen-
vironment of Calcofluor is rigid.

Anisotropy measurements as a function of
temperature confirm the results of the red-
edge excitation spectra experiments, i.e., Cal-
cofluor is bound tightly to the sialic acid and
to the other carbohydrate residues of o,-acid
glycoprotein.

2. Materials and methods

a,-Acid glycoprotein was purified from
serum by a successive combination of ion-dis-
placement  chromatography, gel-filtration
chromatography and ion-exchange chro-
matography as already described [10]. The
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lyophilized protein was dissolved in a 10 mM
phosphate—0.143 M NaCl buffer, pH 7. Its
concentration was determined spectrophoto-
metrically using an extinction coefficient of
29.7 mM ' cm ! at 278 nm [11].

Calcofluor White was obtained from Sigma.
Its concentration was determined spectropho-
tometrically using an extinction coefficient of
4388 M~!' cm ! at 352.7 nm [1].

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

Fluorescence spectra were recorded with a
Perkin—Elmer LS-5B spectrofluorometer. Ti-
tration experiments were performed at a /., of
300 nm. The bandwidths used for the excita-
tion and the emission were 2.5 nm. For the
red-edge excitation spectra experiments, the
bandwidths used for excitation and emission
were 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. [12,13]. Finally, fluorescence spectra
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Fig. 1. Variation of the emission maximum of 220 uM of
Calcofluor as a function of increasing concentrations of sialy-
lated (a) and of asialylated o,-acid glycoprotein (b). Z., 300
nm and temperature = 20 °C. The buffer is 10 mM phosphate
and 0.143 M NacCl buffer, pH 7. The protein concentrations
are expressed in sialic acid residues. 1 mol of sialylated o,-acid
glycoprotein contains 16 sialic acid residues. The concentra-
tion of the asialylated protein is also expressed in equivalent
sialic acid residues.

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, (A,, 300 nm and A.,, 445 nm). The
bandwidths used for the excitation and the
emission were 5 nm.

Fluorescence lifetime data of Calcofluor
free in water or when bound to «,-acid glyco-
protein were previously obtained at 20 °C us-
ing multifrequency phase fluorometry with the
cross-correlation method as described [7,14].

The fluorescence intensity decay of Cal-
cofluor, whether free in solution or bound to
the carbohydrates of a,-acid glycoprotein, is
nonexponential [7]. When the fluorophore is
free in solution, the intensity average fluores-
cence lifetime 7 [15] is 0.85 ns. It increases to
4.8 ns when the fluorophore is bound to the
protein [7]. This average lifetime was used to
calculate the rotational correlation time from
the Perrin plot.

All experiments were performed in a 10 mM
phosphate buffer, 0.143 M NaCl buffer, pH 7.

3. Results

Titration experiments.—Fig. 1 displays the
variation of the emission maximum of 220 uM
of Calcofluor in presence of increasing
amounts of sialylated (a) and asialylated o,-
acid glycoprotein (b). The concentrations of
the proteins are expressed in sialic acid
residues (o;-acid glycoprotein contains 16
sialic acid residues). We notice that only the
binding of Calcofluor to the sialylated protein
induces a shift in the emission maximum of
the fluorophore. In the absence of protein, the
fluorescence maximum is at 438 nm and it
shifts progressively to 450 nm with increasing
concentrations of sialylated o;-acid glyco-
protein (a). The shift stops when the stoi-
chiometry of 1 Calcofluor for 1 sialic acid
residue is reached. Addition of asialylated o;-
acid glycoprotein (b) or of free sialic acids
(not shown) does not modify the position of
the emission maximum of Calcofluor.

Fig. 2 shows the fluorescence emission spec-
tra of 194 uM of Calcofluor free in solution
(a) and in presence of 3 (b) 11(c) and 18 (d)
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Fig. 2. Observed fluorescence emission spectra of 194 uM of
Calcofluor free in solution (a) and in presence of 3 (b) 11 (c)
and 18 (d) uM of a,-acid glycoprotein. The concentrations
expressed in sialic acid are 48, 176 and 288 uM, respectively.
Zex 300 nm, =20 °C.

3.0 |- '~ I - =
3
) a
> 25|
[
jo
)
£
8 20}
o)
(0]
&
) m]
=
S
= 1.5}
= 5
1.0 1 ! 1 1 1
(0] 5 10 15 20

(sialylated «, acid glycoprotein)

Fig. 3. Titration curve of 194 uM of Calcofluor with sialy-
lated a,-acid glycoprotein. Saturation occurs for 12.7 uM of
protein (200 pM of sialic acids), thus indicative of a stoi-
chiometry of one Calcofluor for one sialic acid residue. The
dissociation constant could not be estimated from these ex-
periments, but it must be smaller than the protein concentra-
tion at stoichiometry ( < 12 uM). 4., = 300 nm and 2., = 440
nm. The fluorescence intensities are corrected for dilution and
for the inner filter effect.

uM of sialylated a,-acid glycoprotein. The
concentrations expressed in sialic acid are
48, 176 and 288 uM, respectively. In addi-
tion to the shift in the emission maximum,
we observe an increase in the fluorescence
intensity. Fig. 3 displays the fluorescence in-
tensity increase of Calcofluor (194 uM) in
the presence of increasing concentrations of
sialylated o,-acid glycoprotein observed at
440 nm. Between protein concentrations 1.2
and 10 pM the fluorescence intensity in-
crease linearly and reaches a plateau in pres-
ence of 12.7 + 1.2 uM of protein (200 uM of
sialic acids) and thus at a stoichiometry
close to 1:1. The reason why the first point
deviates from the straight line is not clear. It
could be due to a change in specific fluores-
cence upon increasing the number of bound
Calcofluor molecules per protein. The linear
increase of the fluorescence upon protein ad-
dition (between 1.2 and 12 pM) indicates
that the protein and the Calcofluor concen-
trations must be much higher than the disso-
ciation constant which cannot be estimated
from these experiments.

Addition of increasing amounts of free
sialic acids to 212 pM of Calcofluor induces
a limited decrease in the fluorescence inten-
sity of Calcofluor (Fig. 4(a and b)). This de-
crease indicates that interactions occur in
solution between free sialic acid and Cal-
cofluor.

Fig. 5 exhibits the fluorescence intensity ti-
tration of 57 puM of Calcofluor with asialy-
lated o,-acid glycoprotein. The intensity
decrease is the result of the binding of Cal-
cofluor to the protein and can therefore be
described by the following balance of
fluorescence:

Fluy x (Ly— L)+ Flu, x L,
= i (M

where Flu is the observed fluorescence, Flu,
and Flu, are the fluorescence of free and
bound Calcofluor, respectively, L, and L, are
the concentrations of total and bound
Calcofluor.

The intensity decrease is clearly hyperbolic
and therefore a mathematical binding analy-
sis can be performed using the following
quadratic equation obtained from the defini-
tion of the equilibrium constant (assuming

Flu
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all binding sites have the same dissociation
constant K):

Lb - 0.5[(71P0 + LO + Kd)
—{(nPy+ Ly + Kd)2 —4nPyL} 1/2] (2

where n 1s the number of binding sites (as-
sumed to be identical), and P, is the protein
concentration. The parameter Flu,; was ob-
tained by extrapolation from a reciprocal plot
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Fig. 4. Titration of 212 pM of Calcofluor with sialic acid
residues. Aliquots of 31 uM of sialic acid residues solution
were added to the Calcofluor. (a) Observed fluorescence spec-
tra of Calcofluor in solution (1) and in the presence of the
increased concentration of sialic acid residues 4., =300 nm.
(b) Normalized fluorescence intensities at 4., =435 nm as a
function of the sialic acids concentration. The intensities were
corrected for the dilution and for the inner filter effect.
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Fig. 5. Titration curve of Calcofluor (57 uM) with asialylated
a;-acid glycoprotein. (a) Observed fluorescence spectra of free
Calcofluor in solution (spectrum 1) and in the presence of
increased concentrations of protein (spectra 2—14). 4., = 300
nm. (b) Normalized fluorescence intensities observed at 435
nm as a function of asialylated protein. The number n of
binding sites is equal to 12.7 + 1.2 mol of Calcofluor for 1
mol of protein. Since a;-acid glycoprotein contains five het-
eropolysaccharide groups, we would have about two Cal-
cofluor molecules for each group. The fluorescence intensities
were normalized for the dilution and for the inner filter effect.

and found to be 32.5. Using this parameter,
nonlinear least-squares fitting gives the contin-
uous line as the best fit (Fig. 5(b)) with n=
12.7+ 1.2 and K; = 6.8 + 2.6 uM. This should
be considered as an average dissociation con-
stant per site.



338 J.R. Albani et al. / Carbohydrate Research 327 (2000) 333340

Dynamics experiments

Red-edge excitation spectra. Red-edge exci-
tation spectra are used to monitor motions
around the fluorophores [16,17]. Calcofluor
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Fig. 6. (a) The dependence of the fluorescence emission
maximum of 300 uM of Calcofluor in the presence of 5 uM of
sialylated o,-acid glycoprotein on the excitation wavelengths.
(b) shows this dependence for 10 pM of Calcofluor in pres-
ence of an equivalent amount of protein.
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Fig. 7. Steady-state fluorescence anisotropy vs. temperature
over viscosity for 250 pM of Calcofluor in presence of 5 uM
of sialylated o,;-acid glycoprotein (4., 300 nm and A, 445
nm). The data are obtained by thermal variation in the range
5-35 °C. The ratio T/n is expressed in Kelvins over cen-
tipoise.

molecules and their direct microenvironment
(which consists of the dipole of both sur-
rounding glycan residues and solvent
molecules) are associated by their dipoles. The
dipoles referred to here are the result of the
charge distribution in the molecular plane.
The excitation of the fluorophore results in a
redistribution of its electronic charge inducing
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 Calcofluor. The
emission maximum from a relaxed state does
not change with the excitation wavelength,
while an emission maximum from a non-
relaxed state will depend on it.

Fig. 6(a) shows the variation of the emis-
sion maximum of 300 uM of Calcofluor in the
presence of 5 uM of sialylated a,-acid glyco-
protein as a function of the excitation wave-
length. At 385 nm the emission maximum is
located at 447 nm. It shifts to higher wave-
lengths (452 and 458 nm) when the excitation
wavelengths are 400 and 415 nm, respectively.
This is taken as direct evidence that the carbo-
hydrate residues in the microenvironment of
Calcofluor exhibit restricted motions. For
comparison, the emission maximum of 9.8 uM
of Calcofluor in the presence of 10 uM of
a,-acid glycoprotein recorded as a function of
the excitation wavelength is equal to 441 nm
at all wavelengths (Fig. 6(b)).

Steady-state anisotropy as a function of tem-
perature. The rotational correlation time @, of
a hydrated sphere is obtained from the
equation:

®(T)=3.87(T) x 104 M (3)

where M is the protein molecular weight and
n the viscosity of the medium [18]. o,-Acid
glycoprotein can be considered to be spherical
[19,20]. Thus, Eq. (3) yields a calculated rota-
tional correlation time of 16 ns for the
protein.

Steady-state fluorescence anisotropy of 250
uM of Calcofluor in presence of 5 uM of
a,-acid glycoprotein (4., =445 nm and A, =
300 nm) was performed at different tempera-
tures. A Perrin plot representation (Fig. 7)
based on Eq. (4) [21]:
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1/A=1/4,+ {x)|P,A,
=1/4,+ (1/4,)(1 + RT<{z>/nV) (4)

should enable us to obtain information con-
cerning the motion of the fluorophore. The
rotational correlation time of the fluoro-
rophore @, using 4.8 as average lifetime is
found to be 16 + 1 ns at 20 °C, which equals
the theoretical value (16 ns) expected for a,-
acid glycoprotein revealing the absence of a
segmental motion (despite the presence of a
substantial fraction of unbound Calcofluor).
Anisotropy results are in good agreement with
those obtained by red-edge excitation spectra
experiments, i.e., Calcofluor is bound tightly
to the carbohydrate residues and follows the
global motion of the protein.

4. Discussion

Fluorescence parameters such as the inten-
sity and the position of the emission maxi-
mum are sensitive to the modifications
occurring in the microenvironment of the
fluorophore [22,23]. Titration experiments are
usually carried out by following the intensity
variation. In the present work, we show that it
1s possible to perform titration experiments by
following not only the fluorescence intensity
variation, but also the shift in the position of
the emission maximum of Calcofluor. This
shift 1s sensitive to sialic acid residues only
when they are bound to o;-acid glycoprotein
(Fig. 1). Therefore, sialic acids of o,-acid gly-
coprotein possess a spatial conformation that
can be detected by Calcofluor.

Binding of Calcofluor to sialylated o,-acid
glycoprotein also induces an increase in the
fluorescence intensity of the fluorophore (Figs.
2 and 3). The titration curve gives a stoi-
chiometry of one Calcofluor for one sialic acid
residue. This result is in good agreement with
that obtained when the shift of the emission
maximum of Calcofluor was followed (Fig. 1).
The dissociation constant could not be deter-
mined from the titration curve, but must be
smaller than the protein concentration at stoi-
chiometry (<12 pM), which is in agreement
with that calculated when binding experiments
were performed by following fluorescence in-
tensity decrease of Trp residues [1].

Addition of free sialic acid to Calcofluor
decreases the fluorescence intensity of the
fluorophore (Fig. 4). Thus, the type of interac-
tion between free sialic acid residues and Cal-
cofluor is different from that observed when
sialic acids are bound to «,-acid glycoprotein.

Interaction of Calcofluor with the other car-
bohydrate residues occurs also, since we ob-
serve a decrease in its fluorescence intensity
upon addition of asialylated o,-acid glyco-
protein (Fig. 5). The dissociation constant of
the Calcofluor-asialylated a,-acid glycoprotein
complex is 6.8 pM, a value close to that
measured for the Calcofluor—sialylated
protein (Fig. 1 and Ref. [1]). Thus, we suggest
that this binding constant may characterize
the interaction between the carbohydrate
residues and Calcofluor. However, an interac-
tion even weak with the protein matrix cannot
be excluded. 12 binding sites were found for
the Calcofluor—asialylated o,-acid glyco-
protein complex. Since the protein contains
five heteropolysaccharide groups, we would
have about two Calcofluor molecules for each
group. In the presence of sialic acids the type
of interaction of Calcofluor with the carbohy-
drate residues is modified. The dissociation
constants measured in the absence and the
presence of sialic acids do not show that the
affinity of Calcofluor to sialic acid residues is
higher than that for the other carbohydrate
residues. However, the titration curves clearly
indicate that Calcofluor fluorescence is sensi-
tive to the presence or to the absence of sialic
acids of o,-acid glycoprotein.

The fact that the interactions between Cal-
cofluor and sialic acids differ whether the
latter are on the protein or free in solution,
indicates that the sialic acids on a,-acid glyco-
protein possesses a defined spatial conforma-
tion. Also, one may suppose that the presence
of the sialic acid gives the carbohydrate
residues backbone a spatial conformation that
may change or disappear upon desialylation
of the protein. In the absence of any crystallo-
graphic data, we are not able for the moment
to confirm the last hypothesis.

The red-edge excitation spectra and an-
isotropy measurements yield information on
the dynamics of the fluorophore and of its
environment. At high concentration of Cal-



340 J.R. Albani et al. / Carbohydrate Research 327 (2000) 333340

cofluor compared with that of the o;-acid
glycoprotein, a red-edge excitation shift is ob-
served (Fig. 6(a)) (even if a substantial frac-
tion of the Calcofluor remains unbound). This
shift indicates that the microenvironment of
the fluorophore exhibits restricted motions.
Therefore, the carbohydrate residues in the
vicinity of Calcofluor are rigid and do not
show any segmental motions.

Anisotropy data as a function of the tem-
perature (Fig. 7) yield a rotational correlation
time (16 + 1 ns) equal to that (16 ns) calcu-
lated theoretically for o;-acid glycoprotein.
Thus, at high concentration, the Calcofluor is
bound tightly to the carbohydrate residues
and follows the global motion of the protein.
This result is in opposition to that found for
the Calcofluor—a,-acid glycoprotein complex
when the experiments were performed at
equimolar concentrations of protein and
probe (5 uM). In fact, we found that the sialic
acid residues of the protein are highly mobile
while the other glycan residues exhibit re-
stricted motions [7]. At high concentrations of
Calcofluor (the present work), a kind of stack-
ing could occur inducing a decrease of the
motions of the sialic acid residues.

In conclusion, this work shows that the
spatial structure of the carbohydrate residues
of a,-acid glycoprotein induces the binding of
the Calcofluor. The absence of this spatial
structure (free carbohydrates in solution)
modifies the type of their interactions with the
fluorophore. Also, this work together with the
previous one [7] indicate that the dynamics of
the sialic acid residues is dependent on the
Calcofluor concentrations. The spatial confor-
mation of the carbohydrate residues and of
the sialic acids of a,-acid glycoprotein could

be the key to the different physiological roles
of the protein.
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