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ABSTRACT: Serum transferrin (sTf) carries iron in blood serum and delivers
it into cells by receptor-mediated endocytosis. The protein can also bind other
metals, including aluminum. The crystal structures of the metal-free and metal-
loaded protein indicate that the metal release process involves an opening of
the protein. In this process, Lys206 and Lys296 lying in the proximity of each
other form the dilysine pair or, so-called, dilysine trigger. It was suggested that
the conformational change takes place due to variations of the protonation
state of the dilysine trigger at the acidic endosomal pH. In 2003, Rinaldo and
Field (Biophys. J. 85, 3485−3501) proposed that the dilysine trigger alone can
not explain the opening and that the protonation of Tyr188 is required to
prompt the conformational change. However, no evidence was supplied to
support this hypothesis. Here, we present several 60 ns molecular dynamics
simulations considering various protonation states to investigate the complexes formed by sTf with Fe(III) and Al(III). The
calculations demonstrate that only in those systems where Tyr188 has been protonated does the protein undergo the
conformational change and that the dilysine trigger alone does not lead to the opening. The simulations also indicate that the
metal release process is a stepwise mechanism, where the hinge-bending motion is followed by the hinge-twisting step. Therefore,
the study demonstrates for the first time that the protonation of Tyr188 is required for the release of metal from the metal loaded
sTf and provides valuable information about the whole process.

Transferrins form a family of glycoproteins whose main
function is to control the level of free iron in physiological

fluids by binding this element.1 The three main proteins of this
group are serum transferrin (sTf), lactoferrin (Lf), and
ovotransferrin (oTf). Lf is found in such secretory fluids as
milk or tears, but also in white blood cells, while oTf is present in
egg white. Lf and oTf act as antimicrobial agents chelating
Fe(III), which contributes to the growth of bacteria.2−4 sTf is
present in all vertebrates. It binds dietary iron, transports it in
serum, and delivers it to cells through a process of receptor-
mediated endocytosis.5,6 The level of sequence similarity
between members of the transferrin family is ∼60%.1 They all
possess the chain folded into two globular lobes, termed the N-
and C-lobes or domains, connected by a short protein chain. The
two lobes share a high degree of similarity (40%). Each lobe
contains a metal binding site and is divided into two subdomains,
CI and CII and NI and NII, respectively, in which a central mixed
β-sheet is surrounded by several α-helices. In each lobe, two
subdomains are connected by a hinge consisting of two extended
antiparallel β-strands, which form a cleft where the metal can be
placed.
In both the C- and N-binding sites, the metal is coordinated by

an aspartic acid, two tyrosines, and a histidine. Moreover, the
presence of a synergistically bound carbonate ion7,8 is essential

for metal binding. The intake of the metal by sTf is initialized by
the binding of the carbonate ion to the apotransferrin present in
blood serum.9 Then the metal reaches the metal binding site of
the protein, and the complex is recognized by transferrin receptor
1 (TFR) and internalized in the cytoplasm by receptor-mediated
endocytosis.10 There, release of the metal from sTf is influenced
by the sTf−TFR interaction11,12 and modulated by the lower
endosomal pH of 5.5, which is significantly lower than the serum
pH (7.4). In addition, several studies indicate that certain anions
interact with the protein at kinetically significant anion binding
(KISAB) sites, increasing the rate of metal release.13,14

X-ray crystal structures of the transferrin family members
determine that the transferrin protein presents two different
conformations, an open conformation when it is metal free15−20

and a closed conformation upon the binding of Fe(III).7,21−26

This conformational change involves a rigid body rotation of
∼50−64° around the hinge segment located between the two
subdomains.27,19,18 On the basis of these geometrical features, it
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is accepted that the change in conformation upon metal release
involves two global motions: hinge twist and hinge bending.28

The conformational change during the metal release process is
not entirely understood. It was suggested that the Lys206 and
Lys296 residues, located in subdomains NII and NI, respectively,
modulate the opening of the metal-loaded protein by forming the
so-called “dilysine trigger”.29 X-ray crystal structures show that
these two residues form a hydrogen bond interaction in the iron-
loaded protein,21 while the distance between them is significantly
larger in the apo form.18 This difference was explained by a
different protonation state of Lys206, neutral at physiological pH
but protonated at the endosomal pH of 5.5. The repulsion
between the two positively charged lysines would facilitate the
opening of the domain and release of the metal. This explanation
was reinforced by the fact that N-lobes of sTf and oTf release iron
at higher pH values than their respective C-lobes and also than
Lf, which lacks the dilysine trigger.29,5 The importance of
Lys206−Lys296 interaction was supported by several experi-
ments in which the mutation of these residues to neutral or
negatively charged residues decreases the iron release rate at pH
of 5.6.30−33 Nevertheless, some authors argued that the dilysine
trigger alone cannot explain the metal release process.9,31

Rinaldo and Field first evaluated the pKa values of the most
relevant amino acids. The pKa value computed for Lys206
confirmed that this residue may present different protonation
states in serum and in endosomes.9 However, by performing
1.5 ns molecular dynamics simulations, the authors observed
that, although the repulsion between the positively charged
Lys206 and Lys296 disrupts the dilysine interaction, Lys296 still
has enough room to accommodate itself without triggering the
opening. In the same vein, the double mutation of Lys206 and
Lys296 to Glu, causing the repulsion between negative charges of
these two residues, did not lead to domain opening, as follows
from the observation of the crystal structure of the mutant.31 On
the basis of all these facts, Rinaldo and Field proposed9,31 that the
electrostatic repulsion between Lys206 and Lys206 does not lead
to a spontaneous domain opening and suggested that the
protonation of Lys206 at the endosomal pH prompts the
protonation of Tyr188 by Lys296, which would lead to a
weakening of the metal binding site. However, there was no
evidence supporting this hypothesis.
Only 30% of sTf is saturated by ferric iron, and the remaining

sTf sites are available for other metals,34,35 such as Al(III).36,37 Even
though this metal is not essential for the human body, human
activity has increased its bioavailability, and significant traces of
Al(III), whose toxic effects are still under debate, are detected today
in living organisms. It was determined that 60% of the aluminum in
serum is bound to sTf, 34% to albumin, and the remaining amount
to citrate.38 A computational model for aluminum in blood39

showed a percentage of sTf-bound aluminum that was as high as
∼90%. These data indicate that sTf is the main carrier of aluminum
in blood serum, and close examination of the sTf−Al(III) complexes
is indispensable for understanding the effects of Al(III) on human
health.
Previously, we studied the interaction of the N-lobe of sTf with

Al(III) and Fe(III) under different pH conditions by performing
QM/MM molecular dynamics simulations using the AM1
semiempirical method for treating the metal binding site.40

The structures were further refined by QM/MM optimizations
using high-level DFT functionals to handle the QM part. The
results indicate that the mode of interaction of Al(III) and
Fe(III) with sTf does change with different pH conditions. The
level of theory employed in this study allowed us to investigate in

detail the binding sites for both metals. However, the predictive
simulation of longer events as conformational changes of a
protein could not be achieved with these types of calculations. In
the present work, we perform a series of 60 ns MM molecular
dynamics simulations of the complexes formed by the N-lobe of
sTf with Fe(III) and Al(III). Several protonation states were
considered, including the protonation of Tyr188. The
simulations provide valuable information for understanding the
metal release process and confirm that the dilysine trigger alone
does not lead to domain opening, but the protonation of Tyr188
is required to reach the conformational change.

■ METHODOLOGY
Gromacs (version 4.5.3)41,42 was employed to perform all
molecular dynamics simulations. In the absence of crystal
structures containing the entire sequence of metal-loaded human
serum transferrin, the crystal structure of the iron-loaded
recombinant N-lobe (PDB entry 1AM8E)21 was chosen as a
starting configuration for all simulations. This is the reasonable
choice because the N-lobe and entire molecule show similar
spectroscopic, structural, iron binding, and release character-
istics.43,44 The structure contains 329 amino acids (residues
3−331) of the protein, one iron atom, and the carbonate ion.
Subdomain NI comprises residues 1−93 and 247−315, whereas
residues 94−246 are located in subdomain NII. The two
subdomains are connected by two extended antiparallel β-strands
(residues 93−103 and 243−254) that form the hinge. The metal
coordination shell is composed by the synergistic carbonate ion
and Asp63, Tyr188, Tyr95, and His249.
The more acidic conditions in the cell (pH 5.5) versus the

physiological conditions in blood serum affect the protonation
states of some residues. Most of the residues maintain the normal
protonation state in both media, which is not the case for
histidines. Under the physiological-pH conditions, they were
considered neutral, whereas under the acidic conditions, their
protonation states were updated following the criteria of Rinaldo
and Field:9 His14, His25, His242, His273, and His289 were
protonated, and His119, His207, and His300 were kept neutral.
As in our previous work40 and according to the previous DFT
optimizations,45 His249 presented the imidazolate group under
physiological conditions, which was neutralized under acidic
conditions.
The CHARMM27 all-atom force field46 was employed to

build the topology of the protein. The nonbonded parameters of
Fe(III) and Al(III) were taken from refs 47 and 48, respectively.
To test the suitability of these parameters, 2 ns molecular
dynamics simulations of Al(III) and Fe(III) in a box of explicit
water molecules were conducted (data not shown). The
octahedral coordination mode was maintained, even if starting
from a nonoctahedral arrangement. Once the system was built,
the steepest descents (SD) method was employed to minimize
the energy of the system. Periodic boundary conditions were
applied in all directions using a rhombic dodecahedron cell, with
a minimal distance between the protein and the wall of the cell
set to 10 Å. Then, TIP3P type water molecules49 were added,
and the system was neutralized with a NaCl concentration of
0.150 M. The energy of the entire system was again minimized
with SD. A 200 ps equilibration was performed in the canonical
thermodynamic ensemble (NVT), where the temperature of
the protein and the rest of the system were independently
coupled to 300 K using velocity rescaling with a stochastic term
(V-rescale) algorithm.50 The positions of the protein, carbonate,
andmetal atoms were weakly constrained at this stage. Long-range
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electrostatics were calculated using the smooth particle mesh
Ewald (PME) method51,52 with a cutoff of 15 Å. A cutoff of
11 Å was chosen for the van der Walls nonbonded interaction
where the switch function was employed. Moreover, long-range
dispersion correction to the energy terms was applied to account
for truncation of the van der Waals interactions. All bond lengths
were constrained with Linear Constraint Solver (LINCS),53

allowing for an integration time step of 2 fs. A total run of 60 ns
was conducted for the production of each simulation underNVT
conditions without applying any additional constraints.

■ RESULTS
Eight molecular dynamics simulations were performed at four
different protonation states (presented in Figure 1) for the sTf−
iron and sTf−aluminum complexes. In the MDPhys simulations,
the protonation states of the amino acids were adjusted to the pH
conditions in blood serum (pH 7.4). In the rest of the simula-
tions, MDAcid, MDAcid

PrTr1, and MDAcid
PrTr2, the more acidic pH found

in cells was considered and this difference was reflected in the
protonation states of Tyr188, Lys296, and Lys206 (see below).
The root-mean-square deviations (rmsd) of the protein

backbone collected from all simulations are shown in Figure 2.
The radii of gyration of the protein are listed in Figure S1 of the

Supporting Information, whereas the averages and standard
deviations of the distances between the cations and the residues
forming the first coordination shell are presented in Table S1
of the Supporting Information. In addition, other important
geometrical parameters are listed in Table S2 of the Supporting
Information.

Metal-Loaded sTf in Blood Serum. In the MDPhys,Fe and
MDPhys,Al molecular dynamics simulations (see Figure 1), Tyr95
and Tyr188 are deprotonated, an imidazolate group is in His249,
and the carbonate ion is deprotonated with a formal charge
of −2. The two residues forming the dilysine trigger, Lys206 and
Lys296, were considered neutral and protonated, respectively, in
agreement with the pKa values reported for these residues.9

MDPhys,Fe. The rmsd is stabilized at 1 Å. The radius of gyration
of the N-lobe of sTf protein is stabilized at ∼19.7 Å, which is
approximately half the hydrodynamic radius of Fe2sTf measured
experimentally.54 During the simulation, Fe(III) exhibits an
octahedral coordination mode, interacting with the carbonate
ion (bidentatedly), Asp63, Tyr95, Tyr188, and His249. Five of
the six distances show an average value of 1.9 Å, while the
Fe(III)−His249 N distance is 2.1 Å (see Table S1 of the
Supporting Information).

Figure 1. Schematic representation of the transferrin metal [M = Fe(III) or Al(III)] binding site for four systems considered in this work: MDPhys,
MDAcid, MDAcid

PrTr1, and MDAcid
PrTr2.
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During the simulation, the interaction between the neutrally
charged Lys206 and the positively charged Lys296 is stable with
an average Lys206 N−Lys296 N distance of 3.0 ± 0.4 Å. Lys296
also interacts with Tyr188, and the average value for the Tyr188
O−Lys296 N distance is 2.8 ± 0.1 Å. On the other hand, Arg124
forms two hydrogen bond interactions with the O2 atom of the
carbonate ion through its Nε and Nh2 atoms. The average value of
these two distances is 2.8 Å during the 60 ns production simula-
tion. Thr120 is also forming a stable hydrogen bond interaction
with CO3 O

3, the only oxygen atom of the carbonate ion not
interacting with Fe(III).
MDPhys,Al.As for the simulation with iron, the rmsd is stabilized

at 1 Å and the radius of gyration of the protein is 19.7 Å, which
also corresponds to half the hydrodynamic radius measured
experimentally for Al2sTf.

54 Al(III) also adopts an octahedral
coordination mode. The distances from the metal to the residues
forming the metal coordination shell are on average 0.2 Å shorter
than in the case of iron, indicating that the employed parameters
reflect correctly the smaller radius of aluminum. The only
exception is the Al(III)−His249N distance (2.1 Å), which is very
similar to the corresponding distance for iron and therefore 0.2 Å
larger than the five other distances.
The second coordination sphere of Al(III) is analogous to

that presented by the sTf−Fe(III) complex. The Lys206−
Lys296 interaction is maintained, with a Lys206 N−Lys296 N
average distance of 2.9 Å, and the Tyr188 O−Lys296 N
distance is equal to 2.8 Å. As in MDPhys,Fe, Thr120 interacts
with the carbonate ion and the Thr120 O−CO3 O

3 distance is
2.6 ± 0.0 Å.
Metal-Loaded sTf in the Cell. At the metal binding site (see

Figure 1, MDAcid), His249 is now neutral, the carbonate ion has
gained a proton, and Lys206 bears a positive charge. Three
protonation states were considered for the sTf−Fe(III) and sTf−
Al(III) complexes: (i) in MDAcid, Tyr188 remains unprotonated
and both Lys206 and Lys296 are fully protonated; (ii) in
MDAcid

PrTr1, Tyr188 has been protonated by Lys296 and Lys206
remains positively charged; and (iii) in MDAcid

PrTr2, Tyr188 is also
protonated but now Lys206 is neutral and Lys296 positively
charged.
MDAcid,Fe. The computed rmsd is stabilized at ∼2 Å and

therefore is slightly larger than in MDPhys,Fe. The radius of
gyration stabilized at 20 Å and is 0.3 Å larger than in MDPhys,Fe.
During the first 20 ns of the simulation, the iron exhibits an
octahedral arrangement as in MDPhys,Fe. The distances between
Arg124 and the bicarbonate ion are larger than in MDPhys,Fe, but
in general, Arg124 presents the same interaction mode with

Nε and Nh2 groups interacting mainly with the O2 atom of the
bicarbonate ion. In spite of the protonation of the carbonate ion,
Thr120 maintains the hydrogen bond interaction with CO3 O

3.
His249 has gained a proton in contrast to the MDPhys,Fe case, and
its new protonation state has weakened its interaction with
Fe(III). For the first 25 ns of the simulation, the value of
the Fe(III)−His249 N distance is ∼2.2 Å; however, it increases
to ∼3 Å, and the average value of the distance is 2.6± 0.4 Å, thus
0.5 Å larger than in MDPhys,Fe. The movement of His249 from
the metal first solvation sphere under acidic conditions was also
observed in the AM1/OPLS molecular dynamics simulations
conducted for the Al−sTf complex.40
As expected, the Lys206−Lys296 distance has increased

because of the repulsion between these two positively charged
residues. The Lys206 N−Lys296 N distance has increased to
5.4 Å, which is 2.4 Å larger than in MDPhys,Fe. However, as
previously reported,9,40 the disruption of the dilysine trigger does
not lead to any apparent conformational change in the molecule
(see below). On the other hand, Tyr188 forms a hydrogen bond
interaction with Lys296 during the simulation at an average
distance of 2.9 Å, and therefore, the protonation of Tyr188 by
Lys296 seems plausible.

MDAcid,Al. After simulation for a few nanoseconds, the rmsd is
stabilized at ∼2 Å. Al(III) keeps its octahedral conformation
during the entire simulation.
The Lys206 N−Lys296 N distance has increased to 5.6 Å, but

as in MDAcid,Fe, this disruption does not trigger any relevant
conformational change in the protein. Lys296 is interacting with
Tyr188 at an average distance of 2.9 Å.

MDAcid,Fe
PrTr1 . During a several nanosecond simulation, the rmsd

value stays close to 2 Å. Then in ∼20 ns, a steep increase in the
rmsd value is observed until it stabilizes at around 3.5 Å. A similar
trend is also observed in the evolution of the radius of gyration,
which increases from 19.7 Å at the beginning of the simulation to
20.5 Å at the end. The drastic changes observed in these two
parameters indicate that an important change in conformation
takes place during the simulation.
For the first 20 ns of the simulation, Fe(III) stays in an

octahedral coordination mode. During this period, the Fe(III)−
Tyr188 O distance is 2.2 Å, which is 0.3 Å larger than in the
previous two simulations. However, after 20 ns of simulation, this
distance lengthens to 5 Å. Note that this increment correlates
with the change observed in the rmsd and radius of gyra-
tion values. Once Tyr188 has left the metal coordination
shell, some water molecules are now in the proximity of Fe(III)

Figure 2. rmsd of the sTf backbone atoms computed during the molecular dynamics simulations considering four protonation states (MDPhys, MDAcid,
MDAcid

PrTr1, and MDAcid
PrTr2) for Fe(III)−sTf (left) and Al(III)−sTf (right) complexes.
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(see Figure 5), indicating that the cation is now in a solvent
accessible area (see below).
Interestingly, the protonation of Tyr188 has a strong influence

on the metal second coordination sphere. After simulation for a
few picoseconds, in which the Nε and Nh2 atoms of Arg124 are
located∼3 Å from the bicarbonate ion, Arg124 moves away from
the synergistic anion and these two distances increase by
approximately 2 Å. Therefore, Arg124 leaves its original position
before Tyr188 leaves the metal coordination shell (Figure 3),

which suggests that the accommodation of Tyr188 in the metal
second coordination shell is possible only if Arg124 has left its
original position interacting with the carbonate ion. On the other
hand, in the initial stage of the simulation, Thr120 is still
interacting with the bicarbonate ion, regardless of the movement
of the side chain of Arg124 away from the anion. However, it
begins to move away just at the moment Tyr188 leaves the first
coordination shell (see Figure 3). The average value of the
Thr120 O−CO3 O

3 distance is 2 Å larger than in the previous
two simulations of the Fe(III)−sTf complex.
MDAcid,Al

PrTr1 . The rmsd computed for the first nanosecond of the
simulation is 1.5 Å; however, as in the case of iron, after
simulation for 20 ns, the value starts increasing steadily, and after
simulation for 35 ns, it is stabilized at around 4 Å. The radius of
gyration shows a similar trend and goes from 19.7 Å at the
beginning of the simulation to 20.8 Å after 35 ns of simulation.
For the first 25 ns of the simulation, Al(III) keeps an

octahedral arrangement interacting with Asp63, Tyr95, Tyr188,
and the bicarbonate ion. However, at the time in which the values
of rmsd and radius of gyration increase, the Al(III)−Tyr188 O
distance lengthens to 4 Å first, to be stabilized at ∼5 Å at the end
of the simulation. Therefore, as in MDAcid,Fe

PrTr1 , the change in
conformation is correlated with the departure of Tyr188 from the
cation coordination shell. Interestingly, once Tyr188 leaves the
metal coordination shell, Al(III) maintains a hexacoordinated
arrangement because of the inclusion of a water molecule in its
solvation sphere (see Figure 5). In the new rearrangement, the
water molecule and Tyr95 are placed in axial positions and the
bidentate bicarbonate ion, Asp63, and His249 occupy the
equatorial positions.

As it was observed in theMDAcid,Fe
PrTr1 simulation, the departure of

Tyr188 is preceded by the departure of Arg124 from the vicinity
of the bicarbonate ion (see Figure 3). The Arg124 Nh2−CO3 O

3

distance lengthens to 7 Å first and to 10 Å when Tyr188 leaves
the metal coordination shell. The interaction of Thr120 with the
bicarbonate ion is also broken when Tyr188 moves away from
the metal coordination shell.

MDAcid,Fe
PrTr2 . The evolutions of the rmsd and radius of gyration

observed during the MDAcid,Fe
PrTr2 simulation are similar to those

observed during the MDAcid,Fe
PrTr1 simulation. Thus, an important

increment in their values appears after simulation for a few
nanoseconds, indicating that a conformational change has
occurred. During the first few nanoseconds, Tyr188 remains
bound to the iron, but after simulation for approximately 12
ns, the residue leaves the metal first coordination shell to be
placed in the second shell, behind the bicarbonate ion. The
average value of the Fe−Tyr188 O distance is 4.8 ± 1.5 Å,
which is 3 Å larger than in MDAcid,Fe. Once Tyr188 leaves the
iron coordination sphere, Asp63 changes its interaction mode
from monodentate to bidentate and the Fe−Asp63 O2 average
distance is reduced to 2.5 Å, thus becoming 1.5 Å shorter than
in MDAcid,Fe. Moreover, a water molecule has been introduced
into the metal coordination sphere. Therefore, the bicarbonate
ion, Asp63 (both bidentate) and His249 are placed in the
equatorial plane, whereas the water molecule and Tyr95 are in
axial positions.
As in MDAcid,Fe

PrTr1 , the protonation of Tyr188 produced an
immediate displacement of Arg124 from the vicinity of the
bicarbonate. Nevertheless, Thr120 interacts with the synergistic
anion until Tyr188 moves away (see Figure 3). Moreover,
because of the protonation of Lys296, this residue does not
interact with Tyr188 and the distance between them lengthens to
7.0 Å. On the other hand, an important movement of Lys206 is
observed, not seen in the MDAcid,Fe

PrTr1 simulation. Lys206
approaches the bicarbonate ion to interact with its OH group
because of its neutral charge and perhaps because of the room
provided by a movement of Arg124 toward the bicarbonate ion.
The Lys206 N−CO3 O

3 distance reduces to an average value of
4.2 Å; this is 5 Å shorter than in MDAcid,Fe.

MDAcid,Al
PrTr2 . The computed rmsd and radius of gyration also give

evidence of a conformational change during the simulation.
Tyr188 has left the aluminum coordination shell at the very
beginning of the simulation. Although the final global conforma-
tion of the protein is analogous to that observed in MDAcid,Fe

PrTr2 , it is
worth noting that the final coordination mode of aluminum is
different from that of iron, because Asp63 maintains its
monodentate interaction mode (the Asp63 O2 average distance
is 3.5 Å, which is 1.0 Å larger than in the simulation with iron).
Note that this difference in the coordination of Asp63 in the
presence of different metals, iron or aluminum, was also observed
in the QM/MMmolecular dynamics simulation and in posterior
QM/MM optimizations.40 The position of Tyr188 in the metal
coordination mode has been replaced with a water molecule, and
therefore, Al(III) still adopts an octahedral coordination mode in
which His249, Tyr95, and the bicarbonate ion are in the
equatorial plane and Asp63 and a water molecule are in axial
positions.
As in the case of the simulation with iron, Arg124 leaves its

position because of the interaction with the bicarbonate ion,
which is confirmed by increasing average values of the Nε−O3

and Nh2−O2 distances. The interaction between Thr120 and
the bicarbonate ion is also disrupted. Even if only one of the
lysines is positively charged, the Lys206−Lys296 interaction is

Figure 3. Evolution of three distances (in angstroms) during the
MDAcid

PrTr1 (top) and MDAcid
PrTr2 (bottom) molecular dynamics simulations

of Fe(III)−sTf (left) and Al(III)−sTf (right) complexes: (1) cation−
Tyr188 O (black line), (2) Arg124 Nh2−CO3 O

3 (red line), and (3)
Thr120 O−CO3 O

3 (green line).
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not recovered (their average distance is more than 7 Å). Instead,
Lys206 has approached the bicarbonate ion with the Lys206
N−CO3 O

3 distance shortened to 4.2 ± 1.1 Å.
Principal Component Analysis. The dynamics of the

protein during the molecular dynamics simulations includes local
and collective motions, which are difficult to distinguish by visual
examination of the trajectories. To identify these global motions,
principal component analysis (PCA), also known as essential
dynamics simulation, can be efficiently applied. In PCA, the 3N
coordinates of the protein are transformed into a new set of
eigenvectors, called principal components, and the eigenvalues of
these vectors provide the amplitudes of the motion. Usually, a
few of these principal components are sufficient to account for
the majority of the global motions accumulated in the trajectory
of themolecular dynamics simulation. In Table 1, the eigenvalues

of the first five principal components corresponding to the
backbone protein for all performed simulations are presented.
The first conclusion from the data collected in Table 1 is that

the modes computed in theMDAcid
PrTr1 andMDAcid

PrTr2 simulations are
significantly larger than in MDPhys and MDAcid, for both metals,
iron and aluminum. This means that in the simulations with the
protonated Tyr188, the protein is more mobile. Moreover, the
amount of mobility captured by the first principal component
(shown in parentheses in Table 1) is significantly larger in the
MDAcid

PrTr1 and MDAcid
PrTr2 simulations than in the other two systems.

In the simulations with iron, the first principal component
captures 14.5% of the motion accumulated in MDPhys,Fe and
22.9% in MDAcid,Fe, while in MDAcid,Fe

PrTr1 and MDAcid,Fe
PrTr2 , the con-

tribution increases to 60.4 and 65.7%, respectively. In the case of
aluminum, the first mode is also predominant, and the first
principal components account for 75.9 and 53.9% of the
fluctuations stored in MDAcid,Al

PrTr1 and MDAcid,Al
PrTr2 , respectively. In

contrast, the values are small in MDPhys,Al and MDAcid,Al.
The coordinates of the trajectories were projected out along

the selected principal components. The visual analysis of these
projections indicates that in those four simulations in which
Tyr188 is protonated, i.e., MDAcid

PrTr1 and MDAcid
PrTr2 systems with

iron and aluminum, the first principal component represents the
hinge-bending motion. On the other hand, the second principal
component accounts for ∼10% of the motion accumulated
in these four simulations and the motion involves the hinge-
twisting step.

Opening of the Protein. PCA reveals that hinge bending is
the main global motion in the MDAcid

PrTr1 and MDAcid
PrTr2 simulations,

but not in MDPhys and MDAcid. To further investigate and
quantify this motion, the distance between the centers of mass of
the NI and NII subdomains has been monitored for all eight MD
simulations (shown in Figure 4) and compared with those of X-
ray crystal structures.

TheNI−NII distancemeasured in the crystal structure is 25.9 Å
for sTf loaded with iron21 and 31.6 Å in the crystal structure of
the apo form.18 During the MDPhys and MDAcid simulations with
aluminum, the average value of this distance is almost identical to
the value in the iron-loaded crystal structure. In the simulations
with iron, the distance is slightly larger in MDAcid and shorter in
MDPhys, though with only a small deviation. On the other hand,
during the remaining four simulations (MDAcid

PrTr1 and MDAcid
PrTr2

systems), the distance increases to 29−30 Å. Note that there is a
correlation among the behavior of this distance, the rmsd, and
radius of gyration, indicating that the opening of the protein is
the main initiator of the conformational change.
To confirm that the change in conformation of the protein

facilitates the inclusion of the solvent in the cleft, two parameters
have been measured (shown in Figure S1 of the Supporting
Information): the solvent accessible surface (SAS) of the protein
and the radial distribution function [g(r)] of water molecules
around the metal. The comparison among all eight simulations
shows that the SAS of the protein increases when the protein
changes to a more open conformation, especially in theMDAcid,Fe

PrTr2

simulation. In the four simulations with Tyr188 deprotonated,
the values of g(r) are close to zero for distances of <10 Å. On
the other hand, in the simulations with protonated Tyr188, the
values of g(r) are significantly higher in the proximity of the
cation. In fact, at a distance of 2 Å, g(r) is equal to 2 and 1 for
the cases of Fe(III) and Al(III), respectively. This is in agreement
with the number of water molecules found in the metal coor-
dination shell in the final structure of these simulations (see
Figure 5). In summary, all these data indicate that the opening of
the protein has provided an access of the solvent to the metal,
allowing the cation to leave the metal binding site.

■ DISCUSSION
In the MDAcid,Fe and MDAcid,Al simulations, where Lys206 and
Lys296 bear a positive charge and the electrostatic repulsion
between them has disrupted the interaction, the protein retains
the closed conformation. The same behavior, observed by

Table 1. Eigenvalues of the First Five Principal Components
Calculated for Eight MD Production Simulations Run over
60 nsa

eigenvalue MDPhys MDAcid MDAcid
PrTr1 MDAcid

PrTr2

Iron
1 0.64 (14.5) 2.45 (22.9) 10.05 (60.4) 15.86 (65.7)
2 0.33 (7.4) 2.23 (20.8) 1.29 (7.8) 2.64 (10.9)
3 0.22 (4.9) 1.15 (10.7) 0.98 (5.9) 0.72 (3.0)
4 0.19 (4.3) 0.57 (5.4) 0.44 (2.7) 0.41 (1.7)
5 0.14 (3.2) 0.41 (3.8) 0.41 (2.4) 0.33 (1.4)

Aluminum
1 0.48 (11.4) 1.47 (20.0) 21.11 (75.9) 7.56 (53.9)
2 0.39 (9.4) 1.27 (17.2) 1.81 (6.5) 1.31 (9.4)
3 0.23 (5.4) 0.59 (8.0) 0.59 (2.1) 0.87 (6.2)
4 0.18 (4.3) 0.36 (4.8) 0.48 (1.7) 0.42 (3.0)
5 0.17 (4.2) 0.30 (4.1) 0.33 (1.2) 0.26 (1.8)

aThe amount of mobility (in percent) captured by each principal
component in the corresponding simulation is shown in parentheses.

Figure 4. Distance between the centers of mass of subdomains NI and
NII measured during the molecular dynamics simulations with four
protonation states (MDPhys, MDAcid, MDAcid

PrTr1, and MDAcid
PrTr2) considered

for Fe(III)−sTf (left) and Al(III)−sTf (right) complexes. The dashed
lines refer to the values in the crystal structures of the iron-loaded form
and apo form of sTf.
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Rinaldo and Field,9 led them to the conclusion that the side
chains of two lysines have enough room to accommodate them-
selves without triggering the conformational change. These
results therefore confirm that the breaking of the dilysine trigger
is insufficient to prompt the opening of the protein and an
additional step is necessary to induce opening.
In that vein, it was proposed that the protonation of Lys206 at

lower pH values may facilitate the protonation of Tyr188 by
Lys296,9,31 which in turn would weaken the interaction between
the protein and the metal. A pKa of 4.1 was theoretically

calculated by our group for the Al(III)-bound tyrosine,55 whereas
a value of 6.85 ± 0.05 was determined on the basis of the 13C
chemical shift in apo-hTF/2N.56 These values indicate that the
protonation of Tyr188 is more likely to happen at the endosomal
pH of 5.5 than at physiological pH. In four MD simulations
with the protonated Tyr188 (MDAcid

PrTr1 and MDAcid
PrTr2 systems in

Figure 1), the relevant rearrangement of the protein is observed
and confirmed by the drastic increase in both the rmsd and the
radius of gyration. The analysis of the simulations confirms that
these rearrangements correspond to the opening of the protein

Figure 5. Representative snapshots of the molecular dynamics simulations with four protonation states (MDPhys, MDAcid, MDAcid
PrTr1, and MDAcid

PrTr2)
considered for Fe(III)−sTf (left) and Al(III)−sTf (right) complexes.
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(see below). Because this conformational change was not
observed in those four molecular dynamics simulations where
Tyr188 was deprotonated, the simulations demonstrate that the
protonation of Tyr188 facilitates the opening of the protein prior
to metal release.
The molecular dynamics simulations also provide relevant

information about the critical amino acids, such as Tyr188,
Arg124, Lys206, and Lys296. In those simulations where Tyr188
is deprotonated, this amino acid is tightly bound to the metal. On
the other hand, Arg124 and Thr120 are placed in the metal
second coordination sphere, forming stable hydrogen bonds with
the carbonate ion. However, when Tyr188 is neutralized, the first
immediate effect is not its departure from the metal coordination
shell but the departure of Arg124 from its position interacting
with the synergistic carbonate anion. Nevertheless, this displace-
ment does not lead to any relevant conformational change in the
protein, because the side chain of Arg124 has enough room for
accommodation in the cleft between two subdomains. Once
Arg124 has left its position near the bicarbonate ion, Tyr188 has
enough space to relocate to the second shell. It is only then that
the protein starts opening, as it is corroborated by the increments
in the rmsd, radius of gyration, and NI−NII distance. These
results therefore indicate that the protonation of Tyr188 not only
weakens its interaction with the metal but also has a direct
influence on the second coordination shell, which ultimately
triggers the conformational change of the protein. This finding
may suggest that metal release is impossible without protonation
of Tyr188 first.
The performed PCAs do not identify any predominant global

motions in the simulations with deprotonated Tyr188, but
instead, they confirm that the hinge-bending motion is the main
global motion when Tyr188 has been protonated. This finding is
further supported by the larger distance between the centers of
mass of subdomains NI and NII (Figure 4) in those systems
where Tyr188 has been protonated. In fact, this distance is closer
to its value in the apo form crystal structure than in the iron-
loaded structure. The hinge-bending predominant motion in the
metal-loaded sTf reported in this work differs from the hinge-
twisting motion that is the most important global motion of the
apo form of sTf.9 This difference may suggest that the metal
release (or binding) process is a stepwise mechanism. If one
starts from the closed conformation of the metal-loaded protein,
the first step would be the hinge-bending motion. This motion
allows the access of the solvent to the metal binding site, as
indicated by the larger solvent accessible area computed in the
MDAcid

PrTr1 andMDAcid
PrTr2 (Figure S2 of the Supporting Information).

Once the metal is in a solvent accessible area, the release of the
metal would be facilitated by the hinge-twisting motion of the
protein. Note that the final protonation states of Tyr188, Lys296,
and probably Lys206 correspond to those found in the apo form
under physiological conditions. This two-step mechanism was
previously suggested by Grossmann et al.28 They characterized
the structures of the apo form, the holo form of wild-type sTf,
and also several mutants. In two of these mutated structures,
Y95H and D63S, the intermediate state was identified, which
presents a hinge twist of 20° from the open conformation of the
apo form, but no hinge-bending motion was observed. This
intermediate structure is in agreement with our molecular
dynamics simulations of the holo form of sTf, in which only the
hinge bend is observed. The existence of the intermediate in the
metal intake or release process was also reported previously.57

More recently, a fluorescence study of the release of iron from the
N-lobe of sTf confirms that it is a two-step process,58 although

the authors proposed the opposite order, that is, metal release
followed by the conformational change in the protein.
In general, the simulations conducted with Fe(III) and Al(III)

show the same global motion of the protein, which may indicate
that the molecular mechanism of the release of metal from
protein is analogous for both cations. They also demonstrated
that Tyr188 must be protonated prior to cation release.
Nevertheless, a number of differences have been identified at
the atomic level between the simulations of the Fe(III)−sTf and
Al(III)−sTf complexes. Some of these differences are due to the
fact that the simulations explore different subspaces, and that not
all of them lead to the same final conformations. However, it
must take into account the fact that the entire system, including
the cation, has been modeled with a nonpolarizable force field.
This treatment does not allow any transfer of charge between the
cation and its ligands, and therefore, the mode of coordination of
the metal must be considered with caution. Nevertheless, the
main aim of the study is to investigate the motion of the protein
under different conditions (i.e., different protonation states),
which is achieved by long molecular dynamics simulations
employing a reliable force field. In the MDAcid,Fe

PrTr2 simulations
conducted with Fe(III) and Al(III), different coordination
modes of the cation were observed. Once Tyr188 leaves the
metal coordination shell, Asp63 changes its interaction mode
from mono- to bidentate in the simulations with Fe(III), while
the monodentate interaction mode is maintained with Al(III).
This difference was previously observed in the DFT/MM cal-
culations conducted for these two complexes40 and may reflect
an important difference between the release processes of
the two metals. In the same work,40 AM1/MM molecular
dynamics simulations of the Al(III)−sTf complex were also
conducted. Under acidic conditions, in which His249 was
neutral, this residue left the metal coordination shell, which
was observed in MDAcid,Fe. This movement might indicate that
the metal release is a complex process in which the lower
endosomal pH values lead simultaneously to the weakening
of the His249−metal interaction and to the protonation of
Tyr188. This work shows that the latter is the key step in the
opening of the protein.
The importance of Arg124 in the metal release process was

previously inferred from crystal structure studies of several
mutants,59 in which Arg124 was trapped in two different posi-
tions: (i) directly interacting with the carbonate ion and (ii) more
distant from the anion. Representative pictures from eight
molecular dynamics simulations performed in this work are
superimposed in Figure 6. There, it can be observed that in the
simulations with the deprotonated Tyr188 (blue and green

Figure 6. Superposition of representative snapshots of the molecular
dynamics simulations with four protonation states considered for
Fe(III)−sTf (left) and Al(III)−sTf (right) complexes: MDPhys (blue),
MDAcid (green), MDAcid

PrTr1 (red), and MDAcid
PrTr2 (yellow). Arg124 is shown

as balls and sticks, and the metal is shown as balls. Figures were prepared
with Pymol.60
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structures), Arg124 is placed at the bottom of the cleft and
interacts with the synergistic carbonate anion. However, when
Tyr188 has been protonated (red and yellow structures), Arg124
hasmoved away from the cation and toward the cleft entrance. As
a consequence, a loop of the protein structure (the segment of
residues 180−190) has been displaced and the metal binding site
is more exposed to the solvent. These results therefore confirm
the active role of Arg124 in metal release by allowing various
configurations throughout the process.

■ CONCLUSIONS
The release of metal from an Fe(III)- and Al(III)-loaded N-lobe
of serum transferrin has been investigated bymolecular dynamics
simulations. The calculations confirm that the protonation of
Tyr188 is indispensable for prompting the conforma-
tional change of the protein. They also provide details about
the metal release process. In this sense, the neutralization of
Tyr188 not only weakens its interaction with the cation but also
has a direct influence on Arg124. When Tyr188 has been
protonated, Arg124 leaves its position interacting with the
carbonate. This event has been shown to be crucial in triggering
the opening of the protein.
The simulations confirm that metal release is a multistep

process, initialized by the hinge-bending motion of the protein to
form an intermediate state. At this stage, the protein has been
partially opened but the metal is still bound to the protein. The
next step implies the hinge-twisting, in which the metal would
definitively leave the protein binding site.
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