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A B S T R A C T

Lactoferrin (Lf) is an iron-binding glycoprotein and a component of many external secretions with a wide diversity
of functions. Structural studies are important to understand the mechanisms employed by Lf to exert so varied
functions. Here, we used guanidine hydrochloride and high hydrostatic pressure to cause perturbations in the
structure of bovine Lf (bLf) in apo and holo (unsaturated and iron-saturated, respectively) forms, and analyzed
conformational changes by intrinsic and extrinsic fluorescence spectroscopy. Our results showed that the iron
binding promotes changes on tertiary structure of bLf and increases its structural stability. In addition, we
evaluated the effects of bLf structural change on the kinetics of bLf internalization in Vero cells by confocal
fluorescence microscopy, and observed that the holo form was faster than the apo form. This finding may indicate
that structural changes promoted by iron binding may play a key role in the intracellular traffic of bLf. Altogether,
our data improve the comprehension of bLf stability and uptake, adding knowledge to its potential use as a
biopharmaceutical.
1. Introduction

Lactoferrin (Lf) is a high-affinity iron-binding protein found in milk,
semen, mucosal secretions, saliva and tears (Wang et al., 2017). Many
biological functions attributed to Lf have been extensively demonstrated,
of which can be highlighted the immunomodulatory, anti-inflammatory,
antitumor, antiviral, cell growth-stimulating and antioxidant activities
(Carvalho et al., 2017; Hering et al., 2017; Cutone et al., 2017; Lizzi et al.,
2009; Luzi et al., 2017). Previous studies showed that Lf can be effective
in vitro against infection by several virus species, such as Herpes simplex,
Influenza A, Dengue, Zika, Chikungunya, Mayaro, Sindbis and Semliki
forest viruses (Marchetti et al., 2004; Waarts et al., 2005; Carvalho et al.,
2014, 2017; Chen et al., 2017; Superti et al., 2019), in addition to Severe
acute respiratory syndrome (SARS) pseudovirus (Lang et al., 2011). Be-
sides, recent studies have also pointed out Lf as a potential antiviral agent
çalves).
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for treatment of coronavirus disease 2019 (COVID-19) (Carvalho et al.,
2020; Mirabelli et al., 2020; Chang et al., 2020; Kell et al., 2020; Peroni
and Fanos, 2020; AlKhazindar and Elnagdy, 2020). In the last twenty
years, publications on Lf increased by more than 40% compared to the
period from 1960 to 1999.

The three-dimensional structure of Lf is comprised of a single poly-
peptide chain of 76 kDa divided into two lobes (C and N), linked by an
alpha helix, with two domains in each lobe (C1/C2 and N1/N2) (Moore
et al., 1997). The protein has one iron-binding site in each lobe and an
affinity for this ion 260 times greater than that of transferrin (Baker et al.,
1994). Its iron-saturated form is called holo-Lf, while the unsaturated
form is called apo-Lf. Lf not only binds Fe2þ and Fe3þ ions, but also other
metal ions such as Cuþ2, Mnþ2 and Znþ2 (Baker et al., 2004).

Despite the large number of studies exploring the structural proper-
ties of Lf, little is known about the stability of this protein (Schwarcz
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Figure 1. GnHCl-induced denaturation of bLf monitored using intrinsic
fluorescence emission. In order to verify the effects of GnHCl and to obtain
total denaturation of bLf, increasing concentrations of the compound was added
to the protein (0.5 M–7.0 M). The protein was diluted in standard buffer to a
final concentration of 500 μg/mL. The spectral center of mass was measured at
various GnHCl concentrations. Fluorescence excitation wavelength: 280 nm;
emission wavelength range: 300 nm–420 nm. The inset represents the denatured
fraction of apo- and holo-bLf in the presence of GnHCl. Data were obtained from
three independent experiments and plotted as mean � SD. Differences in means
compared to control were not significant up to 2 M GnHCl for holo-bLf and up to
1.5 M GnHCl for apo-bLf. For all other conditions, differences from the
respective controls were significant. Student's t-test showed that the difference
between apo- and holo-bLf at 0 M GnHCl was significant (p value ¼ 0.0058).
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et al., 2008; Bokkhim et al., 2013; Franco et al., 2013; Sreedhara et al.,
2010; Wakabayashi et al., 2008). Since the functions performed by Lf
depend on its correct three-dimensional structure, it is important to un-
cover the factors that can affect this property. Ion binding is known to
lead to protein structural stabilization (Jancs�o et al., 2011; Bai et al.,
2010; Puri et al., 2015), generating multiple interactions between amino
acids that participate in the anchoring of these ions. The investigation of
the role of iron binding is of utmost relevance to a proper comprehension
of the functionality of Lf.

Moreover, the three-dimensional structure of proteins can be further
influenced by physical factors such as temperature and pressure, leading
to loss of biological activity (Cao et al., 2018; Franco et al., 2018; Silva
et al., 2014; Akazawa-Ogawa et al., 2017; Sreedhara et al., 2010; Patel
et al., 2006; Privalov, 2009). High hydrostatic pressure (HHP) has been
widely used to study the thermodynamics of protein folding and pro-
tein–protein or protein–nucleic acid interactions (Silva et al., 2014;
Cordeiro et al., 2013; Torrent et al., 2004; Balny et al., 2002). HHP causes
a slight perturbation in protein structure, affecting the tenuous balance
between stabilization and destabilization of the many interactions that
occur in the molecule (Mozhaev et al., 1994). The major advantage of
using HHP over high temperature to study protein stability is the in-
duction of less drastic structural changes (Perrett and Zhou, 2002). As a
chemical approach, the use of denaturing agents such as guanidine hy-
drochloride (GnHCl) is also relevant, since transitions between protein
conformations and other parameters such as organization and aggrega-
tion can be addressed (Syed et al., 2018; Anumalla and Prabhu, 2018;
Niether et al., 2018; Bian and Ji, 2014). Therefore, the use of these
structure-disrupting agents coupled with the possibility of monitoring
the transition process between the native and unfolded states is useful to
assess the difference in structural stability of apo and holo-bLf – i.e., the
role of iron in the structure of this protein.

In this work, we aimed at investigating the influence of iron ions in
the structural stability of bovine Lf (bLf), by subjecting both apo and
holo-bLf to physical and chemical agents while monitoring protein
conformational changes by spectroscopic techniques. In addition, using
confocal fluorescence microscopy, we also evaluated the role of iron
binding on the in vitro cellular internalization of bLf.

2. Results

2.1. Chemical denaturation of bLf is decreased by iron binding

We used increasing GnHCl concentration to promote structural
changes and access the fully unfolded state of apo- and holo-bLf. Based on
intrinsic fluorescence emission by tryptophan residues, we found that
initial spectral center of mass values for apo- and holo-bLf were 29,510�
44 and 29,165 � 9 cm�1 (p value ¼ 0.0058), respectively (Figure 1),
indicating that tryptophan in holo-bLf is more exposed to the solvent
than in apo-bLf. A gradual increase in GnHCl concentration led to an
abrupt denaturation in apo-bLf, while holo-bLf denaturation level was
approximately linear with GnHCl concentration. At the final GnHCl
concentration of 7 M, apo and holo-bLf reached a common denaturation
endpoint. However, the GnHCl concentration required to bring apo and
holo-bLf to 50% denaturation (G1/2) was 2.75 M and 3.5 M, respectively
(inset in Figure 1). The same denaturation profile was observed using
urea to disturb the bLf structure (data not shown).

To confirm the effect of GnHCl on bLf structure, we next used the
hydrophobic probe bis-ANS (4,40-bis-1-anilinonaphthalene-8-sulfonate)
(Figure 2). As shown, apo-bLf bound more efficiently to this probe than
holo-bLf, especially at lower GnHCl concentrations (up to 3 M) (p value
<0.001). Such a differential bis-ANS binding indicates that there are
more structured hydrophobic regions exposed in apo-bLf than in holo-
bLf. Differences in the denaturation of apo and holo-bLf were observed
when binding to bis-ANS was decreased. Denaturation of apo-bLf
compared to control was significant from 4 M GnHCl, while for holo-
bLf such a value was 5 M.
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2.2. Iron binding turns bLf more resistant to physical denaturation

HHP changes system volume by disrupting hydrophobic interactions
in the protein core and promoting less dramatic changes in protein
structure when compared with GnHCl denaturation. Our results showed
that HHP appears to be more effective in causing structural disturbances
in apo-bLf than in holo-bLf, as assessed by measuring spectral center of
mass from intrinsic fluorescence emission (Figure 3). Protein unfolding
was partially reversible for apo and no significant differences were
observed for holo-bLf upon returning to atmospheric pressure.

To obtain a more pronounced pressure-denaturation of bLf, we also
combined HHP with a subdenaturing GnHCl concentration (2 M). A
synergism between HHP and GnHCl was observed under this condition,
since deviations from the spectral center of mass of apo- and holo-bLf
were 884 � 68 cm�1 and 335 � 109 cm�1, respectively (Figure 3). As
observed, refolding was partial for apo-bLf in the presence of GnHCl (2
M) and total for holo-blf when returned to normal conditions. This
finding further demonstrated that apo- and holo-bLf are different as to
structural stability, thus confirming the stabilizing role played by iron
ions in the protein.

2.3. Denaturation of bLf affects binding but not retention of iron ions

By measuring iron absorbance at 465 nm, we next assayed how stable
exogenous iron ions – in the form of the iron complex Fe(III)-
nitrilotriacetic acid (Fe-NTA) – bind to bLf upon denaturation by
increasing GnHCl concentration (Figure 4). Even at GnHCl concentra-
tions as low as 1.5 M, apo-bLf had its ability to anchor iron ions affected,
losing almost completely this property from 4.5 M GnHCl. On the other
hand, iron retention by holo-bLf was almost unaffected even at GnHCl



Figure 2. GnHCl-induced denaturation of bLf monitored using extrinsic
bis-ANS fluorescence emission. The hydrophobic bis-ANS probe was used to
monitor the denaturation of apo- and holo-bLf in the presence of GnHCl. The bis-
ANS concentration used was 40 μM. The protein was diluted in standard buffer
to a final concentration of 500 μg/mL. Fluorescence excitation wavelength: 360
nm; emission wavelength range: 400 nm–600 nm. Data were obtained from
three independent experiments and plotted as mean � SD. One-way ANOVA
revealed significant differences in means compared to the respective controls, as
shown in the figure (***, p � 0.001; **, p � 0.01; *, p � 0.05; ns ¼ not sig-
nificant, p > 0.05). Student's t-test showed differences in means of binding to
bis-ANS between apo and holo-bLf, in control condition (p value ¼ 0.0364).
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concentrations as high as 4.5 M, and a significant decrease in retention of
these ions was observed at 6 M GnHCl. As expected, iron content of holo-
bLf did not change with addition of Fe-NTA.
Figure 3. Pressure stability of bLf. Pressure stability of apo- and holo-bLf
incubated or not with 2 M GnHCl was monitored by intrinsic fluorescence
emission. The measured values of spectral center of mass after return to atmo-
spheric pressure are denoted as “return”. The protein was diluted in standard
buffer to a final concentration of 500 μg/mL. Data were obtained from three
independent experiments and plotted as mean � SD. Differences in means
compared to control were not significant for holo- and apo-bLf up to 0.8 kbar,
apo-bLf [GnHCl] 2 M up to 0.4 kbar and holo-bLf [GnHCl] 2 M up to 1 kbar.
Differences in spectral center of mass upon return to atmospheric pressure was
not significant for holo-bLf and holo-bLf [GnHCl] 2 M compared to control
condition at 0 kbar (p > 0.05). For apo-bLf and apo-bLf [GnHCl] 2 M the return
had a significant difference of spectral center of mass in relation to the control (p
� 0.05 and p � 0.001, respectively).
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2.4. Iron binding accelerates the internalization of bLf in Vero cells

Given the differences in structural stability between apo- and holo-bLf
observed by spectroscopic analysis, we decided to verify the influence of
iron binding on bLf internalization in the Vero cells. Initially, colori-
metric MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide) test was used to assess possible cytotoxic effects of bLf on Vero
cells. By incubating the cells with a range of concentrations of apo- or
holo-bLf, we observed that both forms of bLf were non-cytotoxic at
concentrations up to 2 mg/mL (Figure 5). Based on this finding, bLf
concentration used for the following experiments was 1 mg/mL.

To assess the internalization kinetics of the protein, Vero cells were
incubated with fluorescein isothiocyanate (FITC)-labeled apo- or holo-
bLf for 0, 30 and 60 min (Figure 6). Time zero represents the synchro-
nization step, when bLf is bound to the cells at low temperature (4 �C)
and hence there is no internalization. By raising temperature to 37 �C, the
internalization process can occur. Using confocal fluorescence micro-
scopy, we observed that internalization of apo- and holo-bLf had already
occurred at 30 min post-binding. Although both forms were internalized,
holo-bLf seemed to perform this task more quickly, since it was observed
to accumulate in the perinuclear region at 60 min post-binding, when
only a discrete fraction of apo-bLf had reached such a location.

3. Discussion

In this work, we compared the structural stability of apo- and holo-bLf
by fluorescence spectroscopy and their cellular internalization by
confocal fluorescence microscopy, demonstrating that iron binding im-
proves both properties. We used guanidine hydrochloride, which is a salt
used as a potent denaturing agent (Mason et al., 2007), and HHP, which
induces water to enter the hydrophobic cavities of the protein (Silva
et al., 2001) and has been increasingly used for food preservation and
hygiene as an alternative to replace heat treatment (Munizaga et al.,
2014; Franco et al., 2013; Aubourg et al., 2013).

It has been reported that metal ions can alter the structure and
functionality of proteins, especially if it is an intrinsically disordered
protein (IDP) (Jancs�o et al., 2011). Since proteins are dynamic molecules,
the binding of these ions can influence their structure in order to increase
stability against some types of denaturing agents. GnHCl is a chaotropic
agent that affects non-covalent bonds, disrupting the structure of water
and, consequently, disrupting hydrophobic interactions that are funda-
mental for the maintenance of the tertiary structure of proteins. Our re-
sults using GnHCl showed that holo-bLf has a higher stability against
chemical denaturation than apo-bLf (Figure 1). There is a conformational
difference between iron-saturated and unsaturated forms of the protein
(Baker et al., 2004). The iron binding induces the Lf structure to a more
closed form as the domains attach to anchor this ion. In this way, iron
increases the stability of the protein since its structure becomes more
rigid and less susceptible to denaturation (Gerstein et al., 1993; Baker
and Baker, 2008).

Apo-Lf has a more open and dynamic structure than holo-Lf, being
more flexible, less stable, and more prone to thermal denaturation and
proteolysis (Baker and Baker, 2008). These data also corroborate our
findings on bLf denaturation assessed by bis-ANS, an extrinsic fluorescent
probe that binds to hydrophobic segments exposed to solvent (Figure 2).
Here, we showed that apo-bLf can bind more to this probe than holo-bLf
and, with increasing GnHCl concentration, there is an increase in expo-
sure of protein hydrophobic segments and consequently an increase in
the intensity of bis-ANS fluorescence. Stanciuc et al. (2013) showed that
gradual temperature rising also significantly increases ANS binding to Lf,
and a study by Sreedhara et al. (2010) showed that an increase in ANS
binding to Lf also occurs when Lf is subjected to pH values less than 5. In
addition, we observed the stabilizing effect of iron by preventing the
exposure of structured hydrophobic sites to bis-ANS in holo-bLf. This
reinforces the difference between the three-dimensional structures of apo
and holo forms of the protein and the stabilizing role of the iron ion.



Figure 4. Quantification of iron in bLf under
denaturing conditions. The quantification of iron in
the apo- and holo-bLf structures was performed to
evaluate the release of this ion in the presence of
GnHCl with absorbance measurements at 465 nm.
The protein was diluted in standard buffer to a final
concentration of 3.5 mg/mL. Fe-NTA solution was
added to the samples at 50 μM. Data were obtained
from three independent experiments and plotted as
mean � SD. Statistical significance of differences in
means compared to respective control conditions
without iron, and comparison between holo-bLf
under different GnHCl conditions are shown in the
figure (***, p � 0.001; **, p � 0.01; *, p � 0.05; ns ¼
not significant, p > 0.05).

Figure 5. Cytotoxicity of bLf. In order to verify the cytotoxic effect of bLf (apo and holo) treatment on Vero cells, different concentrations of this protein were used
(0.25, 0.5, 1 and 2 mg/mL). The negative control represents cells not treated with bLf and the positive control cells treated with 0.1% Triton X-100. Data points
represent the average of three independent measurements. Only the difference in mean of Triton X-100 compared to control was significant (p � 0.001).
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The use of HHP in combination to a subdenaturing GnHCl concen-
tration to cause perturbations in the bLf structure gave us important in-
formation about the differences in stability between its apo and holo
forms. We observed that holo-bLf presents a greater structural stability
facing this treatment than apo-bLf since it has a lower variation of its
spectral center of mass (Figure 3). A study conducted by Franco et al.
(2013) showed that holo-bLf is more resistant to high pressure than
apo-bLf. Our results showed that, in addition of the gain of stability, iron
binding leads to a change in the tertiary structure of bLf. Previous studies
showed through another spectroscopic technique, circular dichroism
(CD), that the tertiary structure of bLf is affected by iron binding (Bok-
khim et al., 2013). On the other hand, other studies indicate that there
are no differences in the secondary structure between these two forms of
bLf (Brown and Parry, 1974; Bokkhim et al., 2013). Differently from
what is published in the literature, our work has comparatively shown
the structural stability of both apo- and holo-bLf using fluorescence
spectroscopy to monitor the entire unfolding process.

Lf has the ability to retain iron and this can be quantified through
spectrophotometric analysis. Iron quantification can be performed using
an absorption coefficient measured at 465 nm (Majka et al., 2013). Our
result showed that holo-bLf did not fully release the iron ions from its
structure even at high GnHCl concentrations such as 6 M (Figure 4).
Using the HHP and temperature, Franco et al. (2013) verified that bLf
4

maintains its ability to bind iron ions when subjected to a pressure of 400
MPa, with this phenomenon occurring much less significantly at 5 and 6
kbar. However, binding of iron ions to bLf was impaired using treatments
such as 72 �C for 15 s. In a study conducted by Mata et al. (1998), re-
combinant human Lf with less than 18% iron saturation was shown to
aggregate under heat treatment at 72 �C or 135 �C for 60 s, while still
retaining the ability to bind iron ions. We have shown that, at low GnHCl
concentrations, the iron binding site of apo-bLf already begins a process
of unfolding. Nevertheless, once anchored in the bLf structure, the iron
ions do not release completely, even at high GnHCl concentrations.

Lf is a multifunctional protein, and its strong antiviral activity has
been reported for several DNA and RNA viruses such as Herpes, Zika,
Chikungunya, BK and Hantavirus, among others (Marchetti et al., 1996,
1999; Murphy et al., 2000, 2001; Longhi et al., 2006; Carvalho et al.,
2014, 2017). Some studies have demonstrated through in vitro and in
silicomodels the activity of Lf against Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2), the causative agent of COVID-19 (Hu et al.,
2021; Campione et al., 2021; Carvalho et al., 2020). As for other viruses
(Carvalho et al., 2014; Waarts et al., 2005; Marchetti et al., 1996), in vitro
inhibition of coronavirus infection by Lf appears to depend on the
interaction of this protein with heparan sulfate proteoglycans (HSPGs),
which serve as anchors to help virus binding to the cell surface (Hu et al.,
2021; Lang et al., 2011). The cell line commonly used for antiviral assays



Figure 6. Internalization of bLf in Vero cells. BLf in its apo (A) or holo (B)
forms were conjugated to FITC and synchronously incubated with Vero cells for
0, 30 or 60 min. BLf internalization was observed by laser-scanning confocal
fluorescence microscopy. The selected groups of cells are representative of their
respective open fields. White bars: 20 μm.
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with Lf is Vero cells, which we used herein to investigate the internali-
zation kinetics of apo- and holo-bLf.

Our results showed remarkable differences between apo- and holo-
bLf regarding their internalization kinetics in Vero cells, but a lack of
significant cytotoxicity for both forms (Figures 5 and 6). This may reflect
distinct affinities of iron-free and iron-saturated forms of this protein to
its specific receptor (LfR) present in this cell lineage, resulting in differ-
ential receptor-mediated endocytosis. Intriguingly, both apo- and holo-Lf
were previously shown to enter Caco-2 cells via a similar mechanism, but
no significant differences were observed for binding and uptake of apo-
and holo-Lf in this cell lineage (Jiang et al., 2011). The endocytic uptake
of Lf seems to be cholesterol-dependent and results in its partition into
early endosomes and endoplasmic reticulum in the macrophage-like
human THP-1 cells (Florian et al., 2012). Lf may even be targeted to
the nucleus in the intestinal epithelial cell line Caco-2 (Ashida et al.,
2004), where its internalization relies on the N1 domain of the protein
(Suzuki et al., 2008). Therefore, it is important to further investigate the
internalization routes of apo- and holo-bLf in these cells, which can
consequently differentiate response mechanisms and potentially
involved cellular pathways.

The internalization of Lf into cells may be important for its function.
Oral administration of Lf has low absorptivity and the protein can be
further degraded in the gastrointestinal tract, resulting in low bioavail-
ability. The use of Lf as a nanocarrier has been studied because, in
addition to being a multifunctional molecule, it can carry hydrophobic
drugs that have low absorption and mediate the cellular internalization
of these compounds (Singh et al., 2015; Liu et al., 2018; Sabra and Agwa,
2020). Serrano et al. (2020) showed the use of lactoferrin syrup in
liposomal form (32 mg), vitamin C (12 mg) and zinc (10 mg) for the
treatment of 75 patients diagnosed with COVID-19. According to this
study, all patients recovered from symptoms within 4–5 days of treat-
ment. Thus, studies of enhancement of Lf absorption and internalization
mechanisms are important to improve its action on cellular targets
(Serrano et al., 2020).

Finally, the presence of iron ions in the bLf structure turns the protein
into a more stable conformation that lead to a more rapidly internali-
zation when compared to the unsaturated form. Therefore, future studies
aiming to further understand the role of iron ions in the cellular inter-
nalization of bLf are needed to provide a better comprehension of the
mechanisms involved in its cellular responses.

4. Materials and methods

4.1. Chemicals

All reagents were of analytical grade. Distilled water was filtered and
deionized. Apo-bLf was purchased from Life Extension (Fort Lauderdale,
FL, USA). GnHCl, bis-ANS and Fe-NTA were purchased from Sigma-
Aldrich (Saint Louis, MO, USA). The experiments were performed at 25
�C in a standard buffer comprised of 25 mM Tris and 150 mM NaCl at pH
7.5.

4.2. Preparation of apo- and holo-bLf

Apo-bLf was dissolved to a concentration of 100mg/mL in phosphate-
buffered saline (PBS) and centrifuged at 6,000 rpm for 5 min at 4 �C to
remove the cellulose excipient. The supernatant was passed through a
0.22-mm syringe-driven filter unit (Millipore, Billerica, MA, USA), ali-
quoted and stored as a stock solution at 4 �C until further use. Holo-bLf
was obtained from apo-bLf (10 mg/mL) diluted in 10 mM Tris and 75
mM NaCl, pH 7.2. FeNTA solution – 9.9 mM Fe(NO3)3 and 8.5 mM
nitrilotriacetic acid, pH 7.0 – was added to apo-bLf in 2:1 proportion. To
remove excess of iron ions from the solution, instead of water, the sample
was dialyzed against the standard buffer described above at 4 �C for 48 h
(Bokkhim et al., 2013; van Berkel et al., 1995). Both apo-bLf, holo-bLf
was filtered, aliquoted and stored at 4 �C until further use.
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4.3. Chemical denaturation

bLf was incubated with increasing concentrations of GnHCl (0.5–7M)
and allowed to equilibrate overnight prior to analysis. The protein was
diluted into the standard buffer to a final concentration of 500 μg/mL.
Each experiment was performed at least three times.

4.4. HHP and fluorescence spectroscopy

The high pressure bomb, described by Paladini and Weber (1981),
was purchased from ISS (Champaign, IL, USA). Fluorescence spectra
were recorded on an ISS K2 spectrofluorometer (ISS). Pressure was
increased in steps of 0.2 kbar until 2.9 kbar. The samples were allowed to
equilibrate for 10 min prior to measurements. For intrinsic fluorescence
measurements, the tryptophan residues were excited at 280 nm and
emission was observed from 300 to 420 nm. Changes in fluorescence
spectra at pressure p were evaluated by changes in the spectral center of
mass, <υp>:

<υp> ¼ ΣυiFi/ΣFi (1)

where Fi stands for the fluorescence emitted at wavenumber υi and the
summation is carried out over the range of appreciable values of F.
Additionally, the extrinsic fluorescence measurement was performed
using bis-ANS. In this case, the sample was excited at 360 nm and
emission was observed from 400 to 600 nm. Unless otherwise stated,
experiments were performed at 25 �C in standard buffer. Each experi-
ment was performed at least three times.

4.5. Quantification of iron release

To verify the iron binding capacity of bLf in the presence of GnHCl,
we used the spectrophotometer Multiskan GO (Thermo Scientific, Wal-
tham, MA, USA). The samples were diluted in standard buffer and
measured at 465 nm according to Franco et al. (2013). These experiments
were done in triplicate with different preparations of bLf.

4.6. Cell culture

African green monkey kidney (Vero) cells were cultured as mono-
layers at 37 �C in a humidified atmosphere with 5% CO2, using Dul-
becco's modified Eagle's medium (DMEM) (Sigma-Aldrich)
supplemented with 10% fetal bovine serum (Cultilab, Campinas, SP,
Brazil) and 1% penicillin-streptomycin (Gibco, Grand Island, NY, USA).

4.7. Cytotoxicity assay

Vero cell monolayers seeded in 96-well plates (Costar, Corning, NY,
USA) were incubated with different concentrations of bLf at 37 �C for 24
h and then assayed for MTT reduction for 3 h as previously described by
Mosmann (1983).

4.8. Cellular internalization kinetics

Apo- and holo-bLf were incubated with FITC (Molecular Probes,
Eugene, OR, USA) at a molar ratio of 1:10 in basic phosphate buffer
(2.5% Na2HPO4.7H2O and 0.082% NaH2PO4 at pH 8.0) for 1 h at 4 �C.
The unincorporated dye was removed by centrifuging through an Ami-
con Ultra filter unit with a 30 kDa molecular weight cut-off (Millipore).
Labeled protein molecules were suspended in PBS, passed through a 0.22
mm syringe-driven filter unit and immediately used for experiments.
FITC labeling was confirmed by subjecting the protein sample to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed
by ultraviolet transillumination of the gel (Carvalho et al., 2014). Sub-
confluent Vero cells in 35 mm glass-bottom dishes (MatTek, Ashland,
MA, USA) were incubated with 1 mg/mL FITC-labeled apo- or holo-bLf
6

for 15 min at 4 �C to allow for bLf binding only. Unbound bLf mole-
cules were washed away with ice-cold PBS and cells were immediately
incubated with DMEM alone at 37 �C to allow for bLf internalization. At
0, 30 and 60 min post-binding, cells were washed with warm PBS and
fixed with 3.7% formaldehyde in PBS for 15 min at room temperature.
Samples were then visualized on a LSM 510 META laser-scanning
confocal fluorescence microscope (Carl Zeiss, Oberkochen, BW, Ger-
many) with excitation by an argon ion laser at 488 nm and emission
collected from 500 to 550 nm using a plan-apochromat 63x/1.4 oil im-
mersion objective. Pinhole aperture was adjusted to detect the fluores-
cence from an optical slice of 3 μm along the axial plane.
4.9. Statistical analyses

One-way ANOVA with Dunnett's post-test and Student's t-test were
used to compare differences between groups. These analyses were made
using Prism 6 software (GraphPad, San Diego, CA, USA). Data were
expressed as mean � SD, and statistically significant p-values (***, p �
0.001; **, p � 0.01; *, p � 0.05) were considered.
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