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Fibrinogen is a blood plasma protein that plays a crucial role in hemostasis. It is known that erythro-
cyte aggregation increases in the presence of fibrinogen, and that β-estradiol decreases erythrocyte
aggregation with a constant fibrinogen concentration. In this work, we have used intrinsic tryptophan
fluorescence to obtain information on the conformational changes of fibrinogen upon the recently
proposed interaction with β-estradiol. To evaluate the effect on the conformational changes during
fibrinogen-β-estradiol binding, fluorescence experiments were performed using guanidine hydrochlo-
ride (0–6 M) as denaturant, at different pH values. The results obtained for pH 6.5 and 8.0 showed
no effect during the binding. The main differences were observed between pH 4.2 and 7.4, in the
absence and in the presence of two different denaturant concentrations (1 and 5 M). A red shift of the
fluorescence emission from 344 to 354 nm is observed when denaturant concentration is above 3 M
for all studied pH values. This phenomenon may be explained by the loss of compact structure of the
protein in the presence of denaturant, with tryptophan residues exposure to the aqueous environment
and alteration of fibrinogen-β-estradiol binding. These results demonstrate that the binding sites of
fibrinogen are strongly dependent on the conformational state of the protein.
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INTRODUCTION

Fibrinogen is a 340 kDa water soluble protein, con-
sisting of two sets of three nonidentical polypeptide: the
Aα-, Bβ-, and γ -chains [1,2] linked to each other by disul-
fide bonds. The primary structures of the fibrinogen chains
contain a total of 72 intrinsically fluorescent tryptophan
residues distributed along the molecule (α = 11; β = 14;
γ = 11)2 [3]. Several cardiovascular pathologies, such as
acute myocardial infarction and cerebrovascular diseases,
are associated with the increased fibrinogen concentra-
tion, leading to alterations on erythrocyte aggregation and
deformability [4]. Fibrinogen also acts as a cofactor in
platelet aggregation (through a binding site on the γ -
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chains) [1]. It has been established that fibrinogen is a
major determinant of plasma viscosity, and that increased
plasma viscosity is a risk marker for atherosclerotic dis-
ease [5]. These hemorheological proprieties depend on
erythrocytes intrinsic characteristics and on the physico-
chemical environment. In vivo and in vitro studies showed
that high concentrations of fibrinogen increase the ag-
gregation and decrease the deformability of erythrocytes
[4,6–8]. Currently, the mechanism of fibrinogen-induced
erythrocyte aggregation is not known. However, when
some ligands are present, such as β-estradiol, the erythro-
cyte aggregation index decreases [7]. Fibrinogen has the
ability to bind a variety of ligands, and much of the in-
terest in this protein function derives from physiological
implications, e.g., on the acute phase of an inflammatory
process and improved viscosity syndromes [5].

The function of a protein depends on the correct fold-
ing of its native structure. Changes in the protein structure
due to a denaturation process are widely used to obtain
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208 Gonçalves, Santos, Martins-Silva, and Saldanha

information about conformational transitions in proteins,
association of subunits in oligomeric proteins, protein un-
folding or ligand binding to proteins, following the in-
formation given by the fluorescence characteristics of the
trypthophan residues. The importance of obtaining a pre-
cise knowledge regarding the conformation of fibrinogen
in physiological conditions facilitates the formulation of
plausible mechanisms of interaction.

Ligand-binding studies are interesting probes to
monitor conformational alterations in the fibrinogen do-
mains [4]. The study of the β-estradiol binding to fib-
rinogen can provide information about the functionality
of these molecules during erythrocyte aggregation. Previ-
ous fluorescence spectroscopy studies [9] indicate a direct
interaction of β-estradiol with more than one site of the
fibrinogen macromolecule. Those results strongly suggest
that the interaction of β-estradiol with fibrinogen triggers
a conformational change on the protein, preventing its
interaction with the erythrocyte membrane, and conse-
quently avoiding the pernicious increase on erythrocyte
aggregation and decrease on erythrocyte deformability.

Denaturation of a protein is a process in which the
3-dimensional structure of a molecule is changed from its
native state without rupture of peptide bonds. It is some-
times taken to include disulfide bond rupture on chemical
modification of certain groups in the protein if these pro-
cesses are also accompanied by changes in its overall
3-dimensional structure [1]. Denaturation is frequently
irreversible and accompanied by loss of solubility (espe-
cially at the isoelectric point) and/or of biological activity
[1]. Highly concentrated (6–8 M) guanidine hydrochlo-
ride (Gdn–HCl) solutions are used to denature native glob-
ular proteins. It apparently disrupts hydrogen bonds which
hold the protein in its unique structure. However, there
is also evidence suggesting that guanidine hydrochloride
may disrupt hydrophobic interactions by promoting the
solubility of hydrophobic residues in aqueous solution
[10].

β-estradiol is a steroid hormone, unionized and
lipophilic at physiological pH. About 15–35% of the total
amount of steroids in the bloodstream is transported by
erythrocytes, including β-estradiol [7]. Its importance has
been lately pointed out, namely on the cardiovascular risk
reduction in postmenopausal women, although the mech-
anism of this cardio protective effect remains unclear. A
previous in vitro study has shown an impaired erythrocyte
aggregation in the presence of β-estradiol [7].

Thus, the aim of this study was to use the intrin-
sic fluorescence of fibrinogen in denaturant conditions
and changes in the pH of the media to obtain informa-
tion on the possible conformational changes induced by
fibrinogen-β-estradiol interaction, potentially relevant for

the understanding of the previously verified impaired ery-
throcyte aggregation in the presence of β-estradiol.

MATERIALS AND METHODS

Chemicals

All reagents were of analytical grade and were
purchased from Sigma–Aldrich, Co. (St. Louis, MO,
USA). Fibrinogen (fraction I, type I from human plasma)
stock solutions were prepared by dissolving the protein
in NaCl 0.9% (w/v) to obtain a final concentration of
1.16 g dL−1. In all experiments, fibrinogen concentration
was maintained constant. β-estradiol (water soluble) so-
lution 3.38 µM was prepared by dissolving the ligand
in NaCl 0.9%. Protein and ligand solutions were stored
at − 20◦C.

Denaturation Experiments

Guanidine hydrochloride (Gdn–HCl) solutions rang-
ing from 0 to 6 M were used as denaturant. Denaturation
of the protein was carried out in different buffer solu-
tions. The stock buffer solutions were comprised of acetate
buffer (pH 4.2, 10 mM), phosphate buffers (pH 6.5 and
8.0, 40 mM), and Tris–HCl buffer (pH 7.4, 100 mM) with
different denaturant concentrations (0–6 M). The protein
denaturant solutions were incubated for 20 min before
fluorescence analysis.

Absorbance Measurements

Absorbance spectra measurements were carried out
in a Genesys 10 UV ThermoSpectronic Spectropho-
tometer (Rochester, NY, USA) during the fibrinogen-β-
estradiol binding experiments. There were no changes in
fibrinogen absorbance spectrum (absorption maximum at
280 nm) upon interaction with β-estradiol.

Fluorescence Measurements

Fluorescence measurements were carried out in a
Varian Carry Eclipse Fluorescence Spectrophotometer
(Mulgrave, Victoria, Australia). The fluorescence spectra
were measured with 1 cm path length cells. The excitation
and the emission slits were set at 5 nm. Intrinsic fluores-
cence of the protein was measured by exciting the protein
solution at 280 nm and the emission spectra were recorded
in the 300–450 nm range. For fluorescence binding mea-
surements, spectra of protein solutions in the absence and
presence of varying amounts of β-estradiol were made.
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After each addition of small quantities of ligand, the sam-
ple was incubated for 5 min before recording the emis-
sion spectrum. Fluorescence intensities at the maximum
of emission (peak heights) were corrected for inner filter
and dilution effects before analysis of the binding data.

RESULTS AND DISCUSSION

Protein structure is now known as an ensemble of
many fluctuating micro-states [11]. A protein is consid-
ered to be denatured when it has lost its characteristic
native structure. The structural changes will depend on
the type of protein examined, the kind of denaturing con-
ditions the protein has been subjected to, as well as on the
intensity and duration of exposure. The denaturation may
affect general properties of the protein, such as the sol-
ubility, and additionally, more specific properties related
to the function of the protein [12]. Fibrinogen is easily
denatured by a vast number of compounds or treatments
[12]. The distinction between denatured and nondena-
tured molecules of fibrinogen has been based on one of
the functions of fibrinogen; namely, the polymerization
and formation of an insoluble fibrin gel after the cleav-
age of peptide bonds by thrombin [12]. In the present
work, we used fluorescence spectroscopy to monitor the
changes observed during fibrinogen-β-estradiol binding
by varying the media pH and in the presence of different
denaturant concentrations.

Fibrinogen, as most of the proteins, may be affected
by the pH of the medium. In buffered solutions, fibrino-
gen has an absorbance maximum at 280 nm typical of
Trp residues. When excited at this wavelength, fibrino-
gen has an emission spectrum in the 300–450 nm wave-
length range, with an emission maximum at 344 nm. In
order to obtain information about pH influence on the
fibrinogen response to β-estradiol binding, fluorescence
emission spectra were measured at different pH buffer
solutions. Figure 1 shows normalized spectra of fibrino-
gen at different pH values. In all cases, the emission wave-
length was 344 nm (Figure inset, right axis). No emission
spectra shifts were observed upon the changes in the solu-
tion pH. The fluorescence intensities obtained for pH 8.0
are only slightly higher than those of other pH values. An
insignificant decrease is observed when the pH solution
is changed from 8.0 to 4.2. The fluorescence intensities
decrease 3.8% in relation with the maximum value at pH
7.4 and 4.2.

To provide an insight into the molecular aspects of
fibrinogen-Gdn–HCl interaction and the effects during the
denaturation processes, spectra of the protein with differ-
ent denaturant concentrations and varying the media pH
were obtained in the 300–450 nm range.

Figure 2 shows fibrinogen response as a function
of denaturant concentration for all pH buffer solutions.
For denaturant concentrations until 1 M, the emission
wavelengths of the maxima do not change. In this region
no appreciable effect was observed due to the influence
of denaturant concentration or solution pH. From 1 to
3 M, a shift of the emission wavelength from 344 nm to
350–355 nm is observed, maintaining a constant value
for higher concentrations. This red shift due to the pres-
ence of denaturant was reported before for several other
Trp containing proteins (e.g., [13]). It is due to the Gdn–
HCl induced protein complete unfolding, with the expo-
sure of all the Trp residues to the aqueous environment
and the consequent shift of their fluorescence emission
to higher wavelengths. The reason for the phenomenon
observed at low Gdn–HCl concentrations is because there
is a folding and refolding process caused by the denat-
uration process. Above 4 M of Gdn–HCl the emission
wavelength of the protein is kept constant. The inset in
Fig. 2 shows the spectra obtained when the solution pH
is equal to 6.5. As it can be seen, a 60% decrease in the
fluorescence intensity is observed when Gdn–HCl con-
centration changes from 1 to 2 M. This behavior is also
explained by the exposure to the aqueous solution of the
Trp residues previously buried in the fibrinogen tertiary
and quaternary structures, with a consequent decrease in
their fluorescence quantum yields. The same spectral vari-
ation trends were obtained for the other pH values (data
not shown). The denaturation induced decrease on the flu-
orescence quantum yield, tending to the same plateau re-
sulting form the full exposure to the aqueous environment,
can clearly be noticed in Fig. 3. This figure shows the
variation of the fluorescence emission intensity as a func-
tion of Gdn–HCl concentration at different pH values. As
previously described, a gradual decrease in fluorescence
intensity is obtained by increasing the denaturant concen-
tration (0 to 2 M range). After this point the intensity
appears to maintain constant. Below 2 M of Gdn–HCl a
noticeable difference was encountered for pH 4.2 where
the fluorescence intensity decreases more rapidly than
for the other buffered solutions. This result is probably
caused by a more extensive protein unfolding enhanced
by the lower solution pH. This behavior has been reported
before for other proteins that shows an unfolding state in
the vicinity of the pH 3–4 [14,15].

Figure 4 shows the fluorescence intensity as a
function of added β-estradiol concentration for fibrino-
gen, in the absence and in the presence of denaturant,
in acetate buffer pH 4.2. In the absence of denaturant,
the addition of β-estradiol to the protein solution
caused a decrease in the fluorescence intensity. In the
presence of Gdn–HCl 1 M, no significant changes were
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Fig. 1. Emission spectra of fibrinogen at different buffers solutions: acetate buffer (pH 4.2; 10 mM); phosphate buffers (pH 6.5 and pH
8.0; 40 mM); Tris–HCl buffer (pH 7.4; 100 mM). Excitation wavelength: 280 nm. Fibrinogen concentration is kept constant (202 mg L−1).
Inset: variation of the maxima fluorescence intensity (left) and emission wavelength (right) of fibrinogen at different pH values (•—emission
wavelength; �—fluorescence intensity). The fluorescence intensities (peak heights) were normalized by dividing by the maximum fluorescence
intensity of the spectra obtained at pH 8.0.

observed in relation to denaturant free fibrinogen. In both
situations, the fibrinogen-β-estradiol binding seems to
induce a conformational change resulting in a decrease
of the Trp residues fluorescence. However, when the
Gdn–HCl concentration is increased to 5 M, a substantial
change in the response of the system is observed: the
fluorescence intensity is almost maintained constant
as β-estradiol concentration increases. This effect may
be explained by the complete protein denaturation at
this Gdn–HCl concentration, impairing the binding of
β-estradiol and/or the conformational change induced
by it.

Figure 5 presents the fibrinogen-β-estradiol binding
curve in the absence and in the presence of Gdn–HCl, at
pH 7.4. At this pH value, similar results were obtained for
fibrinogen in the absence of denaturant and with 1 M of
Gdn–HCl. When denaturant concentration arises to 5 M,
the curve shows a change in the response to the increase
in β-estradiol concentration. By comparing Figs. 4 and

5 it can be noticed that when denaturant concentration is
equal to 1 M the behavior of the fibrinogen during the
binding process is quite similar for both buffer solutions.
However, there is a major difference between the results
obtained with Gdn–HCl 5 M at pH 7.4 and 4.2. While at
pH 4.2 the denaturation leads to a total inhibition of the
decrease in fluorescence intensity indicative of fibrinogen-
β-estradiol binding, at pH 7.4 the binding is less extensive
at Gdn–HCl 5 M than in its absence, but the fibrinogen-
β-estradiol binding still occurs. This effect can be due to
a stabilization of the fibrinogen conformation at pH 7.4,
enabling the β-estradiol binding even in the presence of
higher concentrations of denaturant. The decrease on the
extent of the binding can be explained by a preservation of
some of the binding sites of fibrinogen while other sites are
unfolded by the denaturation process. The decrease could
also be explained by an impairment of the binding in some
of the proteins while another sub-population keeps their
β-estradiol binding properties.
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Fig. 2. Emission wavelength values as a function of Gdn–HCl concentration for fibrinogen at different buffers: pH 4.2, 10 mM (acetate buffer);
pH 6.5 and 8.0, 40 mM (phosphate buffer); pH 7.4, 100 mM (Tris–HCl buffer). Excitation wavelength: 280 nm. Fibrinogen concentration is kept
constant (202 mg L−1). Inset: Fluorescence spectrum of fibrinogen in the absence and in the presence of different denaturant concentrations
when pH is equal to 6.5. The fluorescence intensities (peak heights) of the inset were normalized by dividing by the maximum fluorescence
intensity of the spectra obtained in the absence of denaturant.
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Fig. 4. Normalized fluorescence intensity peak height values obtained for fibrinogen-β-estradiol binding in acetate
buffer pH 4.2, 10 mM (excitation wavelength 280 nm; emission wavelength 344 nm for denaturant free ([Gdn–
HCl] = 0 M) and [Gdn–HCl] = 1 M; 354 nm for [Gdn–HCl] = 5 M). Fibrinogen concentration is kept constant
(202 mg L−1).

It has been suggested that certain ordered protein
conformations, commonly called molten globular states,
can represent protein folding intermediates [16,17].
The emerging consensus is that these partially ordered

forms exhibit a high content of secondary structure,
considerable compactness, nonspecific tertiary structure,
and significant structural flexibility. These characteristics
may be used to define a general state of the protein,
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Fig. 5. Normalized fluorescence intensity peak height values obtained for fibrinogen-β-estradiol binding in Tris–
HCl buffer pH 7.4, 10 mM (excitation wavelength 280 nm; emission wavelength 344 nm for denaturant free
([Gdn–HCl] = 0 M) and [Gdn–HCl] = 1 M; 354 nm for [Gdn–HCl] = 5 M). Fibrinogen concentration is kept
constant (202 mg L−1).
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called the molten globule state, which is structurally
and thermodynamically distinct from both the native
state and the denatured state [18]. In our work, this
phenomenon can be reflected in the maintenance by
fibrinogen of the β-estradiol binding properties at low
Gdn–HCl concentration (at both pH values) and/or at high
Gdn–HCl concentration at pH 7.4. It may be speculated
that these results reinforce the hypothesis that some of
the erythrocyte hypoaggregation effect mediated by β-
estradiol comes from the fibrinogen-β-estradiol binding
ability. However, it should be stressed that further exper-
iments and different methodological approaches must be
conducted in order to further explain these aspects.

In conclusion, changes in the protein structure due to
the denaturation process were observed during fibrinogen-
β-estradiol binding. At high concentration of denaturant,
when it is supposed that the protein is completely un-
folded, the pH of the solution can create a new hydropho-
bic environment in the folding-unfolding system that en-
ables fibrinogen-β-estradiol binding properties following
a new binding process not so distinctive from the observed
for the protein in the native conformation.
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