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Abstract. This study reports the kinetic parameters for the removal of Fe3* from both the metal binding
sites of bovine lactoferrin by acetohydroxamic acid (AHA). The values of observed rate constants (kobs)
were determined for iron removal from diferric, N- and C-terminals of monoferric lactoferrin under pseudo
first-order conditions of [L] at pH values 7.5, 5.0 and 3.5. A saturation behavior for the dependence of kops
on ligand concentration at pH 7.5 was observed. At pH 5.0, both the monoferric forms show a saturation
behavior with diferric lactoferrin following a combination of linear and saturation pathways. For a saturation
pathway kops are:

Kmax [L]
kq + [L]

obs

where:

[L] is the concentration of acetohydroxamic acid, kmax is the rate constant for the removal of iron at plateau,
kd is ligand concentration required to reach half saturation.

While at pH 3.5, kobs follows:
kobs = ko + k™ [L]
where:

k"' is the rate constant for iron abstraction from ferrilactoferrin through linear pathway, while k, is the rate
constant for deferration of iron from ferrilactoferrin at lower pH and is independent of [L]. Moreover, the
trends in the values of Kinetic parameters clearly show the inter-conversion of one type of pathway to
another under varying conditions of pH.
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Introduction

Lactoferrin, a member of transferrin group of proteins
is known to have strong iron binding properties (Yajima
et al., 2000; Aisen and Listowsky, 1980) and hence
binds two high spin Fe** ions (Baker and Baker, 2004)
through its two lobes. The metal ion binding sites in
the protein are chemically different from each other
(Baker and Baker, 2005; Shimazaki et al., 2000). Studies
have shown that at physiological pH lactoferrin binds
iron with a 260 fold greater formation constant than
transferrin (Baker et al., 1991; Aisen and Leibman,
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1972) hence, keeping iron bound with it even at lower
pH. The reports on the crystal structure of lactoferrin
are also available (Anghel et al., 2018; Vogel, 2012;
Baker et al., 2000; Haridas et al., 1995; Day et al.,
1993). Kinetic lability, thermodynamic stability and
ESR spectra of the N- and C-terminal of this protein
are dissimilar (Li and Harris, 1998). N-lobe is primarily
involved in the antimicrobial function. Conversely,
C-lobe has diverse therapeutic functions, therefore, it
has a potential to be used for ailments like diabetes,
gastropathy and wound healing (Sharma et al., 2013).
In addition, the bacteriostatic action of lactoferrin is
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well known and is a consequence of its iron coordinating
efficiency (Hong et al., 2024; McCarthy and O’Callaghan,
2024; Adlerova et al., 2008). Hence, it has capability
to retain iron down to pH 2, however, iron is lost
quantitatively from transferrin by pH 4 (Chung and
Raymond, 1993). This greater stability of iron-lactoferrin
complex is attributable to the differences in the relative
stability of the favored conformations for the free protein
and its metal complex (Chung and Raymond, 1993).
Consequently, a few reports on the kinetics of iron
release from lactoferrin are available, so far. Moreover,
iron retaining ability of lactoferrin especially at low pH
has significant role in controlling levels of iron at sites
of infections and inflammation, where metabolic activity
of bacteria lowers the pH even below 4.5. Consequently,
lactoferrin binds the iron released from transferrin. This
control on free iron prevents the bacterial proliferation
(Bali and Harris, 1990). As far as the kinetic studies of
abstraction of iron from lactoferrin are concerned,
several ligands have been known to follow a simple
saturation pathway (He et al., 1997; Kretchmar and
Raymond, 1986; Cowart et al., 1986; Cowart et al.,
1982) and proceed through a rate limiting conformational
change between apo and ferric lactoferrin. Crystallo-
graphic studies have confirmed this phenomenon (Qian
et al., 2002). There are other ligands such as nitrilo-
triacetic acid, aminocarboxylates (Bali et al., 1991) and
diethylenetriaminepentaacetic acid (Harris et al., 1992)
that have a first order dependence on [L]. Moreover,
another group of ligands, including a series of phos-
phonic acid and citrate is known to show a complex
ligand concentration dependence i.e. saturation kinetics
at low [L] and first- order at high ligand concentration
(Bertini et al., 1998; Harris and Bao, 1997; Harris
et al., 1992; Bali et al., 1991; Bali and Harris, 1989;
Harris et al., 1987). Acetohydroxamic acid is a bidentate
model of siderophores of hydroxamate type including
ferrioxamines and ferrichromes. It effectively treats
urinary tract infections and is also an efficient inhibitor
of bacterial urease (Griffith and Musher, 1973; Griffith
et al., 1973). It has a strong binding capability for
trivalent ions including Fe™ with which it can form 1:1,
1:2 and 1:3 complexes (Schwarzenbach and Schwarzenbach,
1963). Together with the lactoferrin’s bacteriostatic
action and strong affinity towards iron chelation this
study was designed where AHA was used to investigate
and compare the kinetic parameters for abstraction of
iron from both the monoferric and diferric forms of
lactoferrin. The present research was conducted through
spectrofluorophotometry due to its sensitivity in the
detection limits of 10-100 nM concentrations.
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Materials and Methods

Bioferrin or apolactoferrin from bovine which was
purchased from “LIFE EXTENSION” in form of
capsules and was used after further purification. For
purification purpose, contents of the capsules were
made to mix with Tris-HCI (tris (hydroxymethyl)
aminomethane) buffer solution (0.15 M, pH=7.5). The
suspension was centrifuged at 4000 r.p.m for 30 min
that separated the apolactoferrin solution from the
residue. Furthermore, the concentration of the apoprotein
was determined through scanning on a Hewlett Packard
8452A diode array spectrophotometer, given by Olis-
global works, using a molar extinction coefficient of
8.85%4/M/cm at 279 nm. All the other reagents were
AR Grade and used directly without further purification.
Iron free water was used throughout the work, which
was made by passing distilled water through cation
exchange following the chelex-100 column to make it
completely iron free. For pH measurements HANNA,
HI 83141 pH meter was used.

Preparation, purification and concentration determi-
nation of diferric and monoferric (N-terminal and
C-terminal) lactoferrin. For the preparation and puri-
fication of these proteins already published procedures
were followed (Nisar and Kazmi, 2010; Turcot ef al.,
2000). A sample Disk-page gel obtained during the
purification of protein preparation is given in Fig. 1.

Fig. 1. A sample Disc-page gel for the elect-
rophoresis of different preparations of
lactoferrin through different iron donor
compounds. Lane 1=ApoLf, Lane 2=Fec-
Lf (loaded by Fe(NTA)2), Lane 3=Lf-Fey
(loaded by Fe(NH4),.(SO4), .7H,0) and
Lane 4= Fec-Lf- Fey (loaded by Fe(NTA),.
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Iron removal kinetics. These studies were carried out
at 25+0.5 °C and p=0.22 M in 0.15 M Tris-HCI buffer
(pH=7.5), 0.05 M acetate buffer (pH=5) and 0.05M
formate buffer (pH=3.5). The increment in fluorescence
intensity of apolactoferrin at 334 nm was used to
determine the rate of iron removal. To monitor the
progress curves, RF-5301PC (Shimadzu) spectrofluoro-
photometer was set with the excitation wavelength set
at 280 nm and the emission wavelength at 330 nm.
Removal of iron from diferric lactoferrin was studied
kinetically by using chelator concentration range 67.7-
333 mM. However, [L] range for monoferric type
proteins was 66.8-334 mM, while the protein concen-
trations were fixed at [FeC-Lf] = 6.41E-5 M, [Lf-FeN]
=7.07E-5 M, [FeC-Lf- FeN] =4.25E-5 M. The reaction
was carried out in 4 cm® quartz cuvettes designed
specifically for fluorometric research. All reactions
were treated as pseudo first-order as they were routed
with substantial excess of ligand over ferric lactoferrin.

Kinetic data analysis. Least-square fitting of the data
yielded the observed pseudo first-order rate constants
(kobs) from the spectrofluorometric progress curves.
The following equation was used to fit the data:

F(t) = Foo(Foo-Fo) @XP(-Kobs t) wvrveevrererierieieirricnnnes (1)
where:

F(t) stands for the fluorescence intensity at time t, Fo
represents equilibrium fluorescence intensity when each
reaction ends and F, is the initial fluorescence intensity.
The fixed value of Fo was set based on what was
observed at higher ligand concentrations. Here, the
reported Kobs is the average of three experiments. Kinetic
parameters were calculated for the conditions applied.
For each type of the protein, plots of kobs versus AHA
concentration were generated. At pH 7.5, all three types
of ferrilactoferrin showed a hyperbolic relationship
between kobs and AHA concentration, indicating
saturation behavior with regard to AHA concentration,
as shown in Fig. 2a, b and c.

Depending on the nature of various processes (whether
linear, saturation or combination pathway) the rate
constants were computed using nonlinear least-square
fitting of the data set to the following equation:

Kobs = kmax [L]/(Kd + [L]) ceevererieeeeeieeeeieeeeen 2)
where:

[L] is the concentration of AHA, kmax is the rate constant
for the removal of iron at the plateau, which is achieved
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at higher ligand concentrations, while, kq parameter in
the above equation corresponds to that concentration
of ligand, a requisite for half saturation (Haris et al.,
2003).

Fe-COs-Lf z%—‘z Fe-COs-Lf*
1

Fe-COs-Lf + L % L-Fe-COs-Lf*
2

L-Fe-COs-Lf —2> FeL + HCOy + apoLf

Scheme 1. Bates mechanism for Iron release from
Ferrilactoferrin, (Fe-CO;-Lf is the closed conformation
while, Fe-CO;-Lf* is the open conformation of the
lactoferrin), scheme 1 shows the Bates mechanism for
Iron release from ferrilactoferrin that facilitates the
determination of kq. Therefore, supposing he steady-
state concentrations of Fe-COs-Lf* and L-Fe-CO;-Lf*,
kd in this case is given as:

kd = kaa(katks)/KaKs oveeieeieceeicceecee e 3)
Kobs = Kmax [LJ/Ckd + [L1) + K™ [L] oo )
Kobs = Ko + K™ L] oo )

In these equations, k" is the rate constant for abstraction
of iron from ferrilactoferrin through linear pathway,
while k, is the rate constant for deferration of iron from
ferrilactoferrin at lower pH and is independent of the
concentration of AHA. Under the pseudo first-order
conditions, the simple saturation kinetics is governed
by equation 2, while, equation 4 signifies the combination
pathway, i.e. combination of linear and saturation
pathway. Equation 5 works when there is a simultaneous,
AHA concentration independent deferration of iron
from ferrilactoferrin at lower pH.

Results and Discussion

Many studies have been undertaken to explore the
kinetics of iron removal in monoferric and diferric
transferrin by a variety of iron chelators. The presence
of different behavior i.e., saturation, simple first-order
and a combination of first-order and saturation path-
way with varying nature of ligand and other applied
conditions is well recognized (Brook et al., 2005). There
are only a few studies exploring the kinetics of removal
of iron from lactoferrin. In these studies, an increase in
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the fluorescence intensity at 334 nm upon mixing AHA
and protein solutions indicates the removal of Fes+ and
transformation of protein to either monoferric or
apolactoferrin. The graphs of [InFe-Fi/Fo-Fo| versus
time (t) show linearity with only a slight curvature.
However, it is well established that the high ligand
concentrations necessary for iron abstraction result in
an artificially high ionic strength, which plays a
significant role in iron removal (Baldwin ef al., 1981).
Consequently, due to the experimental limits imposed
by the iron removal from lactoferrin during this research,
ample accurateness in kinetic data to resolve the biphasic
rates could not be achieved (Neilands, 1995; Dewan
etal., 1993).

Moreover, the accurate, stable infinite time values for
intensity were not obtained due to the long half-lives
required for 99% completion of the reaction. Hence,
the fluorescence intensity after ~48 h was considered
as F,.. The slopes of the graphs between In|Feo-F¢/Foo-
F,| and t gave the values of rate constants through linear
regression (R?=0.98-0.999). The graphs were nearly
linear for ~70-80% of the reaction.

The dependence of kqbs on [L] for all forms of lactoferrin,
at respective pH values is shown in Fig. 2(a-c), 3(a-c)
and their respective kinetic parameters, calculated
through equations 2, 4 and 5 are given in Table 1.

In addition, other important considerable factors are
(i) the change in the protein conformation before iron
removal and (ii) the binding of AHA to KISAB
(kinetically significant anion binding site). The studies
show that conformational change is an important primary
step in the process and has been confirmed through
X-ray solution scattering and X-ray crystallographic
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studies (Moore ef al., 1997). Bates and co-workers, first
of all, proposed the mechanism for transferrin (Fu
et al.,2024; Carmona et al., 2017; Cowart et al., 1982),
which supports the saturation component of iron release
from lactoferrin as well. Anion binding to KISAB site
can also induce this conformational change. Saturation
of kobs at higher [L], often observed, is attributed to the
conformational change during the course of iron
abstraction reaction, as shown in equation 2.

Appearance of saturation kinetics. As stated earlier,
most of the competing ligands follow simple saturation
kinetics for iron release from transferrin. Transferrin
shows a very high affinity for iron and dissociation
constant of this interaction is approximately 10*/M that
makes the iron removal process complicated (Aisen
and Listowsky, 1980). Iron exchange reaction between
transferrin group of proteins and ligands cannot proceed
spontaneously at measurable rates (Brook et al., 2005).
It is well established that iron removal from ferri-
transferrin to AHA follows a simple saturation pathway.
In this study, similar pattern of saturation kinetics with
respect to concentration of AHA (Shachar et al., 2004;
Moore et al., 1997) at pH 7.5 were observed for all the
three forms of lactoferrin. Nevertheless, there were
some deviations when [H'] and other conditions of the
reaction were varied.

Scheme 1 is equally important for the iron removal
process from lactoferrin and its first step is consistent
with the conformational change in the Fe*" complex of
lactoferrin from its native, inert, ‘closed’ conformation
(Fe-CO;-Lf)to a reactive, ‘open’ conformation (Fe-COs-
Lf). This change causes a rapid removal of iron by the
incoming ligand. Conformational change is considered

Table 1. Kinetic parameters for removal of iron from different forms of ferrilactoferrin by AHA

Form of protein pH k™/(M/min) Kmax (min)/(10?) ka (M) ko(M/min)/(10%) SEM
Fec- Lf 7.5 10.7° 1.53* 0.0016
5.0 1.05 0.267° 0.0003
3.5 0.115° 8.2° 0.0001
Fen- Lf 7.5 2.94° 0.266° 0.0006
5.0 1.82° 0.751° 0.0002
3.5 0.315¢ 7.4° 0.0001
Fec- Lf-Fen 7.5 3.48a 0.4164 0.0007
5.0 1.03E-2° 1.1° 0.0026° 0.0013
3.5 5.76" 6.00° 0.0022

2 = calculated through equation 2; ® = calculated through equation 4; ¢ = calculated through equation 5.
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as rate-limiting in the iron removal process and its
significance in the studies of kinetics of iron release is
widely established (Brook et al., 2005). This fact was
further confirmed by the crystal structure studies. Some
modifications in the original Bates mechanism reported
presence of an allosteric anion-binding that also affects
the iron removal process (Brook ef al., 2005; Shachar
et al., 2004; Abdallah and Chahine, 2000; Moore et al.,
1997; Feng et al., 1995; Neilands, 1995; Dewan et al.,
1993; Baldwin et al., 1981).
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Considering the Bates mechanism kmax, the rate constant
under the saturation conditions corresponds to the one
for the conformational change (Table 1). It is the charac-
teristics of the incoming ligand not the protein. Bates
suggested this mechanism to account for the presence
of saturation kinetics without the accumulation of a
significant concentration of the mixed ligand (Cowart
et al., 1983). These interpretations were on implemented
data because the plots of kobs vs [AHA] (Moore et al.,
1997) were apparently hyperbolic in many of the
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Fig. 2. Plots of the kops-calc and kops-exp at T =2540.5 °C, Agx = 280 nm, Agm = 334 nm for the removal
of iron from (a) [Fec-Lf] = 6.41E-5 M, (b) [Lf-Fex] = 7.07E-5 M (c¢) [Fec-Lf-Fen] = 4.25E-5 M, by
AHA. Symbols show experimental data while the two solid lines represent data fit to the best kinetic
model.



336

reactions studied here. The Rz values obtained in the
range of 0.97-0.99 for the fits applied here. SEM values
were also found out and are reported here in Table 1.
Very small values of SEM are indicative of the good
fits of the data. On the basis of the trends it is conclude
in the values of kobs with varying [AHA] (Shachar
et al., 2004; Moore et al., 1997) that the conformational
change is an essential step in the iron removal process
from ferrilactoferrin (diferric and monoferric) to AHA
at pH 7.5. Furthermore, some deviations are observed
due to varying concentrations of H+, the environment
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of the protein i.e., the nature of ions present in buffer
solutions and are discussed further in this article.

First order component. During this study, a first order
component of iron removal was also observed for few
reactions. At pH 7.5, all the forms of protein i.e. Fec-
Lf-Fex and monoferric forms (Fec-Lf and L{-Fey) follow
simple saturation kinetics with respect to [AHA]
(Shachar et al., 2004) and no first-order path way was
observed as shown in Fig. 2(a-c). At pH 5, both the
monoferric forms (Fec-Lf and Lf-Fey) follow the same
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@ kobs-exp@pH 3.5 O kobs-calc@pH 3.5

Fig. 3. Plots of the kobs-calc and kobs-exp at pH = 3.5, T = 2520.5 °C, Aex = 280 nm, Agm = 334 nm for the
removal of Iron from (a) [Fec-Lf] = 6.41E-5 M (b) [Lf-Fex] = 7.07E-5 M (c¢) [Fec-Lf- Fen] = 4.25E-
5 M, by AHA. Symbols show experimental data while the solid line represents data fit to the best
kinetic model.
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pattern i.e. saturation pathway see Fig. 2a and 2b, while
Fec-Lf-Fex shows a combination of both the first-order
and saturation component for iron removal (Fig. 2c¢).
A combination pathway, in case of Fec-Lf-Fey, describes
best the fits of the obtained data.

Inclusion of 3™ parameter significantly improves the
values of correlation co-efficient (R?) from 0.77 to 0.99
and reduces the values of SEM to 0.0013. At pH 5.0
for Fec-Lf-Fex the apparent first-order rate constant
kobs cannot be described by simple saturation kinetics
however a third parameter is introduced. Inclusion of
3 parameter improves the R? value and hence confirms
the presence of a first order component in the reaction
according to equation 4. However, Bates mechanism
does not account for the first order term. k™ is the rate
parameter associated with the first-order component of
iron removal and is noticeable at higher concentrations
of some ligands.

One proposal about k' is that it is correlated to the
ligand’s capability to displace carbonate anion from the
inert, closed form of Ferrilactoferrin and avoids pro-
ceeding through the rate determining conformational
change, occurring in the protein. So, some of the results
at pH 5.0 (Fec-Lf-Fen, vs AHA) show a combination
of complex kinetics while Lf-Fey and Fec-Lf show
saturation behavior with respect to [AHA] (Moore
etal., 1997).

Might expect that this linear pathway in case of Fec-
Lf-Fey is due to AHA, but pKa of AHA is 9.36 at 25
°C and it is not likely to deprotonate at low pH and
hence, cannot attach the metal ion as a synergistic anion.
So, the possibility of involvement of AHA in first-order
pathway is excluded. Another factor that needs to be
considered is the [H*]. That also plays an important role
in release of iron from this protein.

Effect of pH. Saturation pathway is frequently observ-
able at higher pH. Results at pH 7.5 show no metal ion
release due to pH conditions of the medium. The removal
of iron is totally a consequence of the interaction of the
chelator with the protein. The saturation pathway
signifies a major conformational change during the iron
removal process as suggested by the Bates mechanism
for transferrin. At pH 5.0 again the same path is followed
but the values of rate constant are less than as expected
due to the lowering of pH.

The iron removal process from lactoferrin is highly pH
dependent and lowering the pH would cause a rapid
release of iron (Feng et al., 1995). On the other hand,
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lactoferrin’s ability of holding iron down to pH 2 is also
known and well established (Abdallah and Chahine,
2000) pH 5.0 provides mild acidic conditions where
spontaneous loss of iron due to H" is not very dominating
and is practically too slow to observe. Hence, the
removal of iron mainly takes place via the interaction
with chelator. This fact is justified by a very low value
of kobs when there was no AHA present in the reaction
mixture. This observation supports the idea that iron
load of lactoferrin is not lost easily in mildly acidic
media but takes place in acidic media where pH = 3.5
(Abdallah and Chahine, 2000). So, the bacteriostatic
action of lactoferrin is highlighted here. Very small
difference in the values of kops in the experimental
concentration range of AHA from 0.00-0.334 M is
suggestive of the fact that pH is the main trigger for
iron removal from these protein forms. The data for
Fec-Lfand Lf-Fey suggests that the Fe' removal process
follows a linear pathway and the best R? values were
obtained through linear fitting of the data to equation
5. Hence, it can be concluded at this stage that the linear
pathway is dominating over the saturation. While, under
the same conditions the saturation pathway is dominating
over the linear pathway for the Fe** removal from Fec-
Lf-F eN.

As stated earlier, ferrilactoferrin starts loosing Fe**
quantitatively at and below pH 3.5 (Abdallah and
Chahine, 2000). More [H'] triggers the weakening of
Lf-Fe** bonds in the cleft due to the protonation of
tyrosine and histidine ligands. Hence, the lower pH
may boost the removal of Fe*" from the protein through
a first-order, linear pathway, which is dominating at pH
3.5.

As Histidine has a low pKa value i.e. 10.07 it is expected
to protonate first. At mild acidic conditions such as pH

OH

4 N
9 )

N
H, N HN COH

(a) (b)

Fig. 4. Structures of (a) tyrosine and (b) histidine.
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5 only this ligand is expected to protonate. At pH 3.5
both the tyrosine and histidine (pKa, 6) (Fig. 4) ligands
are expected to protonate making iron removal process
more facile. Hence, it is inferred here that deferration
of the protein due to the pH of the medium is dominating
over the ligand assisted removal of iron at low pH. The
support for this proposal comes from the very small or
negligible change in the values of kobs within the
experimental concentration range of AHA (Figs. 3a and
3b). So, it can be inferred at this stage that at pH 3.5
the deferration of holoprotein through the H* is more
dominating and AHA has a little or no effect on iron
removal. Moreover, Figs. 3a and 3b are showing the
linear pathway for AHA assisted removal of Fe3* and
support for a linear pathway and its dominance over a
saturation one comes from the decreasing values of
kmax (for both the monoferric forms) with decreasing
pH.

Conclusions

Lactoferrin, a well-known multifunctional glycoprotein
which facilitates its several functions through its two
lobes i.e. N-terminal and C-terminal. Although, both
the lobes are structurally organized in a similar way but
they comprise certain sections of unique sequences
providing them significant functionalities (Sharma
et al., 2013). The results of our study lead to conclude
that under the same experimental conditions, all the
three forms of ferrilactoferrin show different kinetic
behavior towards the iron removal by AHA. Although,
both the iron binding sites are identical, nevertheless
both are chemically and thermodynamically distinct
because they are located near different lobes of the
molecule. Additionally, the results show that the C-
terminal site is more labile towards iron removal by
AHA than the N-terminal site. If AHA is given in
combination with N-terminal monoferric lactoferrin to
the patients with urinary tract infections, it will not
disturb its iron load significantly and can be a better
choice for boosting immunity. Very low values of rate
constants obtained here strongly support this idea.
However, as reported earlier (Baldwin et al., 1981) the
lability of the two sites could be reversed depending
upon the nature and concentration of cations and anions
present. Moreover, Lactoferrin poses less sensitivity to
changes in pH, and hence, is able to take up and retain
iron even in the pH range of 3-4 enabling it to protect
the host from pathogenic organisms in biological fluids
having extremely low pH. Further studies need to done
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on both the monoferric forms of lactoferrin in order to
apply them as a drug in future.
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