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ABSTRACT: The dynamical and thermodynamic behavior of human
transferrin (hTf) protein in saline aqueous solution of various concen-
trations is studied. hTf is an essential transport protein circulating iron in the
blood and delivering it to tissues. It displays highly pH dependent
cooperativity between the two lobes, each carrying an iron, and forms a tight
complex with the receptor during endocytosis, eventually recycled to the
serum after iron release. Molecular dynamics simulations are used to
investigate the effects of the amount of salt on protein conformation and
dynamics to analyze the structure−function relationship in free hTf at serum
pH. To monitor the ionic strength dependence, four different ionic
concentrations, 0, 50, 130, and 210 mM NaCl for two protonation states of
the iron coordination site is considered. Two mechanisms by which salt
affects hTf are disclosed. In the totally closed state where iron coordinating
tyrosines are deprotonated, the addition of even 50 mM of salt alters the
electrostatic potential distribution around the protein, opening energetic pathways for tyrosine protonation from nearby charged
residues as a required first step for iron release. Once domain opening is observed, conformational plasticity renders the iron
binding site more accessible by the solvent. At this second stage of iron release, R124 in the N-lobe is identified as kinetically
significant anion binding site that accommodates chloride ions and allosterically communicates with the iron binding residues.
Opening motions are maximized at 150 mM IS in the N-lobe, and at 210 mM in the C-lobe. The extra mobility in the latter is
thought to preclude binding of hTf to its receptor. Thus, the physiological IS is optimal for exposing iron for release from hTf.
However, the calculated binding affinities of iron show that even in the most open conformations, iron dissociation needs to be
accompanied by chelators.

■ INTRODUCTION

All organisms need iron in fundamental metabolic processes to
fulfill the key roles of enzymatic electron transfer, DNA
synthesis, and oxygen transfer.1 Iron can adopt two oxidation
states, ferrous (Fe2+) and ferric (Fe3+). Ferrous iron engages in
Fenton chemistry and is potentially toxic. To prevent
generation of reactive oxygen species, sophisticated mecha-
nisms have been developed to store and transfer iron. In
humans, iron is transported by human serum transferrin (hTf),
a bilobal glycoprotein that plays the role of ferric iron transport
from the sites of intake to the circulatory system, cells, and
tissue.2 hTf is a 679 residue protein (∼80 kDa) with a
remarkable affinity toward iron (Kd ∼ 10−22 M3) and reversible
release at the reduced pH of the endosome in the presence of
its receptor.4

Iron trafficking operates through a process known as the
transferrin cycle. The ligand−receptor interaction between
hTf/transferrin receptor (TfR) complex induces clathrin-
mediated endocytosis.5 Within the endosome, proton pumps
lower the pH to 5.6, which in return leads to a conformational
change in both hTf and TfR, and promotes iron release. The
lower pH of the endosome, presence of salts and chelators, and
interaction with TfR activate iron release from hTf. After

equilibration in the endosome, apo hTf remains bound to TfR,
and together they go back to the extracellular membrane, where
hTf dissociates from TfR to be recycled to the neutral bulk
medium.
The overall structure of bilobal hTf has two homologous

halves termed the N-lobe and the C-lobe; a flexible peptide
linker between the two domains stabilizes the tertiary structure
(see Methods for details of the structure). Each domain is
further divided into two subdomains that close upon capturing
iron. hTf undergoes large conformational transitions between
different states occurring during iron capture/release. The
mechanical motions of hTf are functionally important and play
a crucial role in receptor recognition.2 The coupling between
local and global motions governs the equilibrated sequence of
events in iron regulation. For example, iron release in holo hTf
is accompanied by a major conformational change from closed
state to a wide-open state. It involves the two jaws enclosing the
binding site moving apart through a hinge motion, accom-
panied by a 49−65° reorientation of the two subdomains of the
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two lobes.6 However, the extent of hinge and twist motion in
each lobe and their time scale is different. Dissimilarities arise
due to a longer hinge region in the C-lobe than the hinge found
in the N-lobe. This property, in combination with the extra
triplets of disulfide bonds in the C-lobe, contributes to more
rigid motions in the C-lobe relative to the N-lobe.7

Due to the significance of iron metabolism, biochemistry of
hTf has been the subject of many studies. In particular, binding
and release of iron and other metals as well as a variety of
synergistic anions in the presence or absence of its receptor
have been quantified.8−11 Despite the extensive experimental
and computational studies on hTf in its different forms, the
molecular basis of iron binding and release is not completely
clear.5,12−14 Previously, we have reported the detailed dynamics
of hTf in its various conformational states under different
environmental and structural conditions.15 Classical all-atom
molecular dynamics simulations (MD) delineated large
conformational changes occurring before and after the iron
release process.15 Residue fluctuations elucidate the cross talk
between the lobes correlated by the peptide linker bridging
them at serum pH, while their communication is lost under
endosomal conditions. Furthermore, we addressed the
molecular basis for the observed major differences between
N- and C-lobe dynamics operational in the iron release

mechanism. In another study utilizing perturbation response
scanning methodology,16 we show that dynamics within a
selected local minimum is able to lend clues on the global, large
scale conformational transition of hTf alone and in its
complexes with the human and bacterial receptors.16−18 We
find that the iron binding process is mainly coordinated by
residues at the synergistic anion uptake sites, a finding also
corroborated by multiple all-atom MD simulations.15 The
examination of local dynamics in the hTf−receptor pair reveals
cooperativity in the quaternary structure and explains resistance
to iron release in the complex. The analysis of the hTf complex
with a bacterial receptor identifies two putative regions11 that
mechanically manipulate dissociation from the pathogenic
receptor.16 Thus, our studies provide a molecular level
understanding of the full cycle of hTf-iron binding-release
dynamics while resolving residues directly participating in each
event of the cycle. However, while the effect of variations in
ionic strength (IS) and nonsynergistic anions on iron release
have been observed in hTf, their molecular basis has not been
explored.
The effect of nonsynergistic anions on the properties of hTf

by electron paramagnetic resonance experiments has been
pointed out.19−23 These nonsynergistic anions facilitate iron
removal from hTf with the aid of various chelators and

Figure 1. (a) Three-dimensional structure of holo hTf based on PDB code 3V83. The N-lobe (residues 1−331), linker (residues 332−338) and the
C-lobe (residue 339−677) are displayed in blue, red and gray, respectively. This color coding of the regions is used throughout the text. The irons
are displayed as pink spheres. (b) The identical ferric ion binding site consist of an Asp, two Tyr, and a His residues along with the synergistic
carbonate anion. (c) Schematic of hTf displaying the color code used in (a), the points used to define the reduced degrees of freedom are⊗ to show
the centers of mass of the N- and C-lobes and ⧫ display the beginning and end points of the linker, and the hinge residues between the subdomains
of each domain, Y95 and Y426. We define the lobe bending angles θN and θC, measured by the angle between the two centers of mass and the hinge
residue between each subdomain of the respective N- and C-lobes. The lobe torsional angle φ, is defined by the four points shown. These are the
major degrees of freedom on which we project all trajectories to monitor the sampled conformations. (d) Heavy atom RMSD curves for the full
structure of hTf in H group at various IS values. Systems at zero, 50, 130, and 210 mM are displayed in green, blue, black and red, respectively. The
same color coding is used throughout the text for the various IS.
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differentially affect the thermodynamic and kinetic behavior of
the metal-binding sites in the absence of TfR.23,24 While,
synergistic anion binding is an absolute requirement of ferric
ion binding in hTf, nonsynergistic anions interact with specific
sites on the protein surface and support iron release. It has been
shown that IS contributes to the rates of iron release from the
two lobes of hTf. In particular, the rates of iron release increase
with increasing IS with temperature-dependent kinetics
observable in the N-terminal monoferric hTf, while constant
activation enthalpies are measured in the C-terminal mono-
ferric hTf.24 Moreover, independent of temperature or the iron
releasing lobe, iron removal is predicted to cease when data are
extrapolated to zero IS.24 Also, samples of hTf prepared for
quantitative analytical measurements are more affected by the
changes in IS than in the hydrophobicity.25 More recently, it
has been shown that electrostatic effects control both the
stability and iron release kinetics of ovotransferrin.26

In our previous computational work on hTf, we have shown
by monitoring the electrostatic potential distributions of hTf
that it is highly sensitive to the changes in pH of the
environment, which is coupled to the conformational
preferences.16 In fact, similar behavior has been observed in a
structural homologue, bacterial ferric binding protein A,27 with
the changes in pH or IS and even the D → A point mutation in
an allosteric site manipulating the electrostatics.28,29 Thus, all
atom MD simulations provide an excellent opportunity to study
the effect of salts on the conformations of hTf.
While there are no simulations on the effect of IS on the

dynamics of hTf, the effect is known to exist in other proteins
and have been previously probed using atomistic models.30−32

For example, 3 ns MD simulations of RNA-host factor reports
conformational changes initiated by ionic strength variations. It
is shown that RNA binding is stronger at low IS (0.1 mM
NaCl) while a less compact structure with larger RNA pore
diameter was reported by increasing IS to 1.0 M NaCl. In
another study, increased levels of macromolecular crowding,
calcium binding and ionic strength have been shown to impact
the conformation, helicity and the EF hand orientation of
calmodulin.30 The effect of salt concentration on a series of
cold-shock protein variants and HIV-1 protease has been
studied based on a continuum solvation model to explain
experimentally determined salt-dependent stability profiles.32

Therein, the authors demonstrate that, at low IS, salt affects the
protein structure by electrostatic screening, while at higher IS,
the effect is exerted through hydrophobicity.
In this study, we carry out a systematic study of the effect of

IS on the conformations and dynamics of full length, fully
loaded hTf in the absence of TfR using extensive MD
simulations along with steered MD (SMD) simulations to
explore the energetics of ferric ion binding to hTf. Our aim is to
effectively represent the atomistic details of coupling between
the two lobes of holo hTf at physiological pH and various salt
concentrations. The simulations reported here provide the
distributions of individual ionic species on the protein surface,

explain how nonspecific ions affect electrostatic potential
distributions on the protein surface and the conformations
sampled, as well as identify KInetically Significant Anion
Binding (KISAB) sites in hTf.

■ METHODS
Human Serum Transferrin. The overall structure of

bilobal hTf has two homologous halves termed N-lobe
(residues 1−331) and C-lobe (339−679). It is further divided
into N1-(1−95 and 247−331), N2-(96−246), C1-(339−425
and 573−679) and C2-subdomains (426−572). A flexible
peptide linker (332−338) stabilizes the tertiary structure of the
protein. The three-dimensional structure of holo hTf is shown
in Figure 1a. The experimentally determined holo structure of
hTf is fully loaded with two ferric ions located in a cleft formed
between the subdomains. The octahedral geometry of iron
coordination in holo hTf is shown in Figure 1b. Highly
conserved iron liganding residues in N- (C-)lobes consist of a
tyrosine (Y95 and Y426) in the hinge at the edge of N2 (C2), a
second tyrosine (Y188 and Y517) within N2 (C2), an aspartic
acid (D63 and D392) in N1 (C1) and the a histidine (H249 and
H585) at the hinge bordering N1 (C1).

33 Two oxygen atoms
from the synergistic anion, carbonate, complete the distorted
octahedral coordination of iron.
There are numerous crystal structures reported for this

protein in the protein data bank (PDB); including the iron-free
fully open apo conformation,7 the fully closed iron loaded holo
conformation34 and iron loaded partially open conformation in
conjunction with the partial N/C lobe structures.6,33,35,36 For
the fully loaded holo form, we select the relatively recent
structure with PDB code 3V8334 chain B, which has minimal
number of missing atoms. We shall call this structure the holo
form (H) in the rest of the manuscript. The structure was
determined at 2.1 Å resolution, and was crystallized at a pH of
7.5.
Iron coordinating tyrosine residues display downshifted pKa

values in neutral pH environment.37,38 In particular, Y188 and
Y517 exhibit a downshift in their values in all pKa predictions.

15

Previously, we had changed the protonation states of these
residues in various combinations to test whether a conforma-
tional switch may be triggered in the holo structure by the
uptake/release of protons at these sites.15 A similar approach
was taken for the structural homologue bacterial ferric binding
protein A. Herein, we introduce two groups of holo structures.
In the H group, all tyrosines in contact with a ferric ion are
selected to have their standard protonation states; i.e., they are
protonated on both lobes. In the H** group, we deprotonate
all four tyrosine residues as in the native form so that they each
carry a negative charge.

MD Simulations. The NAMD package is used to model the
dynamics of the protein−water systems.39 Solvation is achieved
via the VMD 1.9.1 program with solvate plug-in version 1.2.40

The protein is soaked in a cubic solvent box such that there is
at least a 10 Å layer of solvent in each direction from any atom

Table 1. Summary of Simulations Including Number of Ions, and Simulation Lengtha

Na+ Cl− IS (mM) simulation length (ns) Na+ Cl− IS (mM) simulation length (ns)

H0** 7 0 7 50 H0 3 0 3 200, 200
HL** 28 21 48 50 HL 24 21 44 200, 200
HP** 70 63 130 60, 200 HP 66 63 126 500, 200
HH** 113 106 215 50 HH 109 106 211 200, 200

aH systems (right) have protonated iron coordinating tyrosines, while H** systems (left) have them negatively charged.
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of the protein to the edge of the box. IS is varied within a 0−
210 mM limit. Charge neutrality is obtained by adding an
adequate number of Na+ and Cl− ions in each case as listed in
Table 1. The CharmM22 all-atom force field is used to
parametrize the topology of the protein atoms.41 The force field
parameters for synergistic carbonate ion42 and Fe3+18 reported
in the literature are adopted. The TIP3P model is used to
describe water molecules.43 Long range electrostatic inter-
actions are calculated by the particle mesh Ewald method,44

with a cutoff distance of 12 Å and a switching function at 10 Å.
The RATTLE algorithm45 is applied to use a step size of 2 fs in
the Verlet algorithm.44 Temperature control is carried out by
Langevin dynamics with a dampening coefficient of 5/ps.
Pressure control is attained by a Langevin piston. The system is
run in the NPT ensemble at 1 atm and 310 K until volumetric
fluctuations are stabilized and they maintain the desired average
pressure.
Herein, we study hTf in the absence of TfR under various

salt concentrations using MD simulations of 200 (in duplicate)
and 50 ns long for H and H** group systems, respectively. We
note that one of the simulations at the physiological IS is
prolonged to 500 ns to track whether there are further changes
in the dynamics. For the H** system at 150 mM, the run is
prolonged to 200 ns, and an additional 50 ns run is conducted.
Neither of the additional runs changes the properties and
statistics reported in this paper. Detailed analysis of the
dynamical changes and protein motions as contributing factors
to iron capture/release mechanisms are made using the
descriptors representing the local and global equilibrium
fluctuations of each system.
Reduced Degrees of Freedom. Following our previous

work on hTf,15 we use reduced degrees of freedom to
distinguish between the different conformations of hTf by
projecting the 3N-dimensional conformational space into three
visually tractable ones. These points and the reduced degrees of
freedom are schematically shown in Figure 1c. They are the
bending angles that describe the relative positioning of the
subdomains within the N- and the C-lobes (θN and θC) and a
torsional angle defining the relative positioning of the two lobes
(φ). The former is defined as the bending angle between the
center of mass of each subdomain in every lobe and a hinge
residue; we choose Cα atom of Y95 and Y426 as the hinge
residues in the respective lobes; these are also iron binding
residues. The torsional angle is defined by four points: the
hinge residues in the N-lobe (Cα atom of Y95), two end points
of the peptide linker (Cα atoms of residues C331 and C339),
and the hinge residue in the C-lobe (Cα atom of Y426).
SMD Simulations. Constant velocity SMD simulation

implemented in the NAMD package39 was carried out by
fixing the Cα atoms of ferric binding region (D63, Y95, Y188,
H249 and carbonate anion for the N-lobe, D392, Y426, Y517,
H585 and carbonate anion for the C-lobe) and by applying
external force to ferric ions in the N-lobe and C-lobe. hTf was
fixed in the ferric binding site to prevent it from translation and
rotation during the pulling experiment. Iron was pulled with a
harmonic constraint of 7 kcal·mol−1 Å−2 and constant velocity
of 0.25 Å·ps−1. The large value of spring constant satisfies the
stiff spring approximation,46 and the pulling speed is slow
enough to reduce the nonequilibrium effects. The pulling
direction was defined based on a vector from the center of mass
of the fixed atoms toward the center of mass of the ligand. The
pulling process was applied to the equilibrated hTf positions in
the H group systems at 50, 100, and 200 ns frames as the

starting structure. For the H** group, we take the snapshot at
50 ns time point as the initial structure for the pulling
experiment. In each case, the SMD simulation lasted for 0.1 ns
in the NPT ensemble with the Langevin thermostat and
isotropic position scaling, at 310 K and 1 bar. For each initial
structure, 10 independent SMD simulations were performed to
measure the work done by the external force to detach the
ferric ions from its respective binding site. Therefore, the total
number of trajectories to define the work done by the external
force to dissociate the ferric ion in each H system is 3 × 10 =
30 and for H** system is 1 × 10 = 10. The force exerted on the
ligand is defined as

= − − ·F t k vt tr r n( ) ( ( ( ) ) )0 (1)

where k is the spring constant, v is the constant velocity of
pulling, r0 and r(t) are the ligand center of mass position at
initial and current time t, respectively, and n is the direction of
the pulling vector.
Free energy difference estimator in terms of the potential of

mean force (PMF), defined as the free energy profile along a
reaction coordinate was initially calculated by Jarzynski’s
equality to relate the probability distribution of nonequilibrium
work and equilibrium free energy differences obtained during
the constant velocity SMD processes:47

= ⟨ ⟩−Δ −e eG k T W k T/ /B B (2)

where W is the work performed, kB is Boltzmann’s constant, T
is the bulk temperature, and ΔG is the free energy difference.
Angle brackets denote the ensemble average over the
independent constant velocity SMD trajectories for each
starting position. The bias-corrected Jarzynski free energy
difference estimator (the final ΔG) was then obtained
considering cumulative work of the near-equilibrium trajecto-
ries of H and H** group systems whose probability distribution
is checked to fit a Gaussian. Using the dissipated work, the
difference between the average work and the free energy
difference estimator, large statistical errors, and biases evolving
due to the sensitivity of the Jarzynski’s approach to rare events
was calculated as described by Gore et al.48 (see ref 28 for
details of our implementation). We confirm that the
contributions from the relaxation of fixed Cα coordinates in
the iron binding site is negligible in the free energy difference
calculations due to minimal fluctuations in this region.
The standard free energy changes were then computed via

Δ = Δ +° ⎛
⎝⎜

⎞
⎠⎟G G k T

C
C

lnbind B

comp

0 (3)

where Ccomp refers to the concentration at which the
calculations are carried out (∼2 mM), ΔGbind refers to the
negative of the energy estimate calculated via SMD, and C0 is
the constant standard concentration (1 M).49,50 The dissoci-
ation constants are finally obtained via

= Δ °⎛
⎝⎜

⎞
⎠⎟K

G
k T

expd
B (4)

■ RESULTS AND DISCUSSION
Conformational Preferences of hTf under Different

Conditions. Several factors including pH, chelators, temper-
ature, salt concentration, and presence of TfR contribute to the
distribution of conformational substates of hTf and the
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complex iron release process.5,8,9,14,23,51,52 Eight sets of
simulations were performed with various initial starting IS
and perturbation scenarios. The different simulation conditions
are labeled with the initial structure, H or H**, alongside
(assigned as subscripts) the approximate IS as 0 (∼0 mM), L
(∼50 mM), P (∼130 mM) and H (∼210 mM). The number of
ions in each system with their respective labeling is reported in
Table 1.
In Figures 1d, S1, and S2, we display the heavy atom root-

mean-square deviation (RMSD) of the whole protein, and
separately for the N- and the C-lobes. The average RMSD
(from minimized holo crystal structure and after 200 ps) and
standard deviations for H0, HL, HP, and HH are 7.4 ± 0.5, 6.4 ±
0.4, 7.3 ± 0.5, and 6.1 ± 0.4 Å for the last 25 ns of MD
simulations. In the N-lobe, RMSD values reach 6.1 ± 0.4, 5.0 ±
0.3, 6.0 ± 0.4, and 4.0 ± 0.2 Å after 175 ns, while they are 4.0 ±
0.1, 4.0 ± 0.2, 4.3 ± 0.2, and 3.5 ± 0.2 Å in the C-lobe for H0,
HL, HP, and HH, respectively, in the same time frame. Thus,
neutralization of the tyrosine residues in the binding site brings
about large conformational changes compared to the initial
conformation irrespective of the IS. These changes are most
prominent in the N-lobe of H systems (Figure S1b). They are
less mobile in the C-lobe compared to the N-lobe based on
their RMSD changes (Figure S1b versus Figure S1c). The main
difference is the decrease in the N-lobe motions at 250 mM IS
that never exceeds 4 Å, compared to all other cases at lower IS
where RMSD of 6 Å or more may be attained at some point of
the trajectory. By contrast, the RMSDs in the C-lobe are on the
order of ∼4 Å in all systems studied.
Meanwhile, H** systems where all four tyrosines in the

binding site are negatively charged display relatively compact
structures whereby fluctuations get stabilized at ∼2 Å in the two
lobes, while the overall RMSD is ∼3 Å (Figure S2a). We
observe that different IS environments do not affect the overall
tight structure of the protein in the individual lobes of the H**
systems. Thus, we do not detect any large conformational
rearrangements if the coordinating tyrosines are negatively
charged. In fact, the motions of the linker are constrained
allosterically by the tyrosines so that the relative motions of the
two lobes are also restricted. Since the H systems represent the
dynamics of the protein after lobe opening is triggered by
tyrosine protonation, we hypothesize that the specific effect of
the nonsynergistic anions will be observed in the conforma-
tional rearrangements following an initial event. We therefore
first study in detail the effect of amount of salts on the initial
hTf structures in the next subsection.
Addition of Salts Initiates a Balanced Electrostatic

Potential Distribution on the Protein Surface. Kinetic

studies of iron release from hTf point out that iron release will
not be observed from either lobe when the ionic strength of the
reaction mixture is zero, independent of temperature.24 Since
the initial event in iron release is identified as the protonation
of one or both iron coordinating tyrosines, possibly from a
nearby second shell residue,53,54 the presence of ions in the
solvent is expected to have a major effect. We first study the
accessibility of the tyrosines by the solvent in the H** systems
to understand whether there are any local arrangements that
would allow for proton transfer from the solvent. The distances
from the iron coordinating residues to the iron in the final
equilibrated structures in each trajectory is given in Table 2
along with the solvent accessible surface area (SASA) of the
region. For the Asp and Tyr residues, the distance remains at
∼2 Å. While the distances to the histidines are greater, it is not
large enough to accommodate water as verified by the SASA of
the four tyrosines, which remain to be 0 throughout the
trajectories in all the H** systems. Furthermore, by detailed
inspection of the trajectories, we find that there are no rare
events that lead to instantaneous opening of the iron binding
region.
It has been proposed that protonation of the tyrosines is

facilitated by proton transfer from neighboring residues such as
those in the dilysine trigger on the N-lobe and a triad of
residues consisting of K534, R632, and D634 on the C-lobe.51

Thus, the effect of salt in the surrounding water may be
indirect, by creating a suitable electrostatic environment that
may trigger such proton transfer. Using a similar idea, we have
previously shown that enlarged positively charged patches on
the protein surface lead to iron release at the lower pH.16 In
Figure 2, we display the electrostatic potential distributions
around the protein conformations at 50 ns time points. The
calculations are carried out by the APBS package55 with a solute
dielectric of 2 and a solvent dielectric of 78.5 and are visualized
by the VMD package.40 We find that in the absence of ionized
water, the protein surface is negatively charged, while in the
presence of ions, including the 50 mM case, there is a balance
of negative and positive patches. Considering the long-range
effects, we conclude that the protons available for transfer will
be attracted to the surface in the 0 mM case, while in the rest of
the situations where the surface interactions are balanced, they
will have a higher probability of transferring to specific locations
inside the protein. Therefore, we propose that the presence of
salt affects the holo protein by electrostatic screening at the
surface, thus channeling direct electron transfer between the
side chains of the second and first shell residues. These
observations are consistent with the lack of iron release in the

Table 2. Average Ferric Ion Distances from Interacting Side Chain of Coordinating Residues (All Values in Å)a

FE - D63 Y95 Y188 H249 SASA D392 Y426 Y517 H585 SASA

H0** 2.17 1.95 1.97 3.88 19 ± 5 2.06 1.95 1.96 5.43 53 ± 12
HL** 2.05 1.96 1.97 3.85 32 ± 11 2.03 1.96 1.98 4.85 57 ± 14
HP** 2.05 1.97 1.97 3.92 14 ± 5 2.05 1.95 1.96 5.30 41 ± 10
HH** 2.12 1.96 1.97 4.30 16 ± 7 2.10 1.95 1.96 5.39 46 ± 10
H0 2.07 5.86 6.85 5.31 180 ± 52 2.09 3.97 4.50 5.47 169 ± 28
HL 2.10 10.17 9.63 5.05 146 ± 27 2.08 3.60 5.24 5.39 152 ± 28
HP 2.09 5.70 7.47 5.56 177 ± 34 2.06 5.90 6.35 2.31 158 ± 33
HH 2.05 6.28 6.28 2.32 130 ± 24 1.99 4.37 5.40 2.78 166 ± 32

aDistances are measured between OD1, OH, and NE2 atoms of ASP, TYR, and HIS residues, respectively, and ferric ion. Errors are ∼0.01 Å. SASA
was calculated for residues surrounding ferric ion (D63,Y95,Y188, and H249 for the N-lobe; D392,Y426,Y517 and H585 for the C-lobe). We did not
include water molecules in the calculations.
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absence of ions where the protein surface potential remains
predominantly negative.
We note that, we have also checked the distribution of ions

around the protein. While similar potential distributions at the
three IS values exist, the radial distribution functions (RDFs) of
Na+ ion around negative side chains are dependent on the IS
(Figure S3). We have previously made a similar observation on
calmodulin whereby the population of Na+ ions near the
protein decreases with increasing IS.56 At physiological IS, Na+

ions prefer to interact more with the free Cl− ions than the
negatively charged surface residues due to the entropic gain
caused by moving in the solvent instead of being restricted to
the protein surface.
Upon Triggering Lobe Opening, Conformational

Preferences of the Two Lobes Become IS Dependent.
To find the origins of the large RMSD values in H systems, we
explore the global and local changes in protein motions and
fluctuation patterns. To this end, in Figure 3, we report the
root-mean-square fluctuations (RMSF) profiles averaged over
six pieces of 30 ns long MD trajectories in the H systems; we
discard the first 20 ns of each simulation as the time required
for equilibration. We find that residues 31, 87, 103, 140, 165,

180, 197, 215, 229, 255, 277, 288 from the N-lobe, residue 334
from the linker, and residues 360, 415, 435, 472, 475, 502, 525,
544, 565, 612, and 642 are locally mobile in all systems as
marked by lines in Figure 3. In fact, despite the relatively large
RMSD profiles of these systems, the overall fluctuation patterns
in various IS are very similar, with the Pearson correlation
coefficient between any pair of the RMSF series being larger
than 0.8. However, the linker region is less mobile in the
absence of ions (H0) (shaded region in Figure 3). Interpreted
together with the RMSD profiles of Figure S1, we do not find
any distinct feature in residue fluctuations that would lead to
the observed differences in iron release behavior of hTf under
different IS conditions.
Since the RMSF measures the local mobilities of residues, we

then monitor the dynamic global conformational changes in
hTf by calculating the reduced degrees of freedom in both lobes
via the angle changes in the jaws of the two lobes (Figure 4). As
described in the Methods section and schematically shown in
Figure 1c, for θN (θC) measurements, we calculate the center of
mass coordinates of N1 (C1), Cα coordinates of residue 95
(426), and center of mass coordinates of N2 (C2).
To form a baseline for the range of values sampled in the

iron-bound case, we first consider the H** systems that are
restricted in their motion, since they monitor the system prior
to triggering domain opening. The θN values have average
values of 103 ± 2°, 101 ± 2°, 103.0 ± 2° and 104 ± 2°, while
for the θC they are 97 ± 2°, 96 ± 2°, 96 ± 1° and 96 ± 2° for
H0**, HL**, HP**, and HH**, respectively. Thus, the mean
and the standard deviations are the same irrespective of the IS
in the H0** systems. Furthermore, the fluctuations around the
average value are in the 10−12° range for either lobe (Figure
S4).
By comparison, the average θN angle is calculated as 107 ±

4.3°, 107 ± 4°, 119 ± 6°, and 100 ± 5° for H0, HL, HP, and HH.
Monitoring the trajectory of the changes in θN and θC angles in
Figure 4a−d shows that all the systems fluctuate around an
equilibrium θN except for the HP system, where its θN increases
to achieve a more open pose in the first 50 ns and then
equilibrates (the N-lobe opens to the same angle region within
10 ns in the second, independent run of 150 ns length). To be
more precise, the θN changes within the ranges [96°, 118°],
[96°, 118°], [95°, 134°], and [90°, 111°] for H0, HL, HP, and
HH, respectively. Thus, θN of HP sweeps a wider range of ∼39°,
and is centered on a more open conformer, while its motions
are dampened by further increasing IS.
The average θC angles in the C-lobe of H0, HL, HP, and HH

fluctuate less and stay near the range sampled by the H0**
systems, with values of 93 ± 3°, 93 ± 4°, 97 ± 5°, and 100 ±
6°, respectively. The θC changes within the respective ranges of
[86, 104°], [80°, 104°], [83°, 116°], and [81°, 115°]. For the
C-lobe, as the IS is increased, the range sampled by this angle
also increases from 18→ 24→ 33→ 34° with a jump in the 50
→ 130 mM range.
Thus, while H** group displays no domain opening motions

in either the N-lobe or the C-lobe, proteins of the H group
move in a wide distribution of angles in its lobes. Furthermore,
protonating the coordinating tyrosines will trigger domain
opening in both lobes irrespective of IS. We find that the
conformational change in the N-lobe is enhanced by increasing
the IS and reaches a maximum at physiological IS, where
further increase in the IS results in the reduced motions of the
protein both in terms of domain opening in the N-lobe and the
fluctuations around the average value. The average value of θC

Figure 2. Electrostatic isocontours of H** group (at 0 mM top row
and 130 mM bottom row). 50 ns time point snapshots of electrostatic
isocontours of hTf are drawn at 0.5 kBT/e are displayed. Blue is
positive and red is negative. For each case, hTf is shown in two
orientations.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.7b02380
J. Phys. Chem. B 2017, 121, 4778−4789

4783

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.7b02380/suppl_file/jp7b02380_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.7b02380/suppl_file/jp7b02380_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.7b02380/suppl_file/jp7b02380_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.7b02380/suppl_file/jp7b02380_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.7b02380


angle characterizing domain opening in the C-lobe stays near
that of the H** systems at all IS studied, but increasing IS
enhances the fluctuations slightly in domain opening motions.
We predict that more flexible motions of the C-lobe are not
favored physiologically, possibly due to its stability necessary
for recognition by TfR that occurs on this lobe.57

Operation of hTf also requires proper positioning of the two
lobes with respect to each other, as controlled by the linker.
Distribution of φ angles defined as the torsional angle (Figure
1c) between the hinge residue in the N-lobe (Y95), two end
points of the linker (C331 and C339) and the hinge in the C-
lobe (Y426) are given in Figure 4e−h. In this definition, the

major axes of the two lobes are in the same plane for φ = 0°.
We record torsional angle values as 3 ± 9°, −17 ± 9°, −26 ±
11°, and −17 ± 9° for H0**, HL**, HP**, and HH**,
respectively. The H** group systems display a single peaked
distribution in conformity with the low RMSD values recorded
for the whole protein as displayed in Figure S2. Thus, the
negative charges on the coordinating tyrosines leading to the
tight iron binding site as a local property restricts the global
sliding motions of lobes relative to each other, both inhibiting
domain hinge opening necessary for iron release and lobe−lobe
twisting necessary for receptor binding.

Figure 3. Cα root-mean-square fluctuations averaged over 30 ns long trajectories for H group systems. Error bars reflect the uncertainty obtained
from averaging six sets of 30 ns length after removing the first 20 ns of the simulations for equilibration. Residues that display more than 50% change
in standard deviation at different IS are indicated with arrows. The linker region (residues 332−338, shaded in transparent red) is less mobile in zero
IS as compared to systems with larger IS. X-ray crystallographic B-factors are added to the top panel for comparison purposes.

Figure 4. Conformations sampled by (a) H0, (b) HL, (c) HP, and (d) HH systems calculated by projecting on the reduced degrees of freedom,
defined in Figure 1c. The initial position following energy minimization and 200 ps MD simulation is shown by the purple asterisk. The N-lobe
samples an open state projected on a wide range of domain opening angle (θN). The largest conformational change in the N-lobe is observed in HP
system. The domain opening in the C-lobe increases monotonically with increasing IS and displays the widest range for HH system. (e−h)
Trajectories of the torsional angle (φ) quantifying the relative positioning of the two lobes. Initially they are all at ca. −4°. The HP system is more
labile and samples a wider range of angles in frequently alternating twisting motions.
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The φ angle distribution of H systems span a wider range of
values covering the range [−45°, 45°] (Figure 4e−h).
Recording the trajectory of φ angle indicates that all systems
except for HP move toward a favorite φ angle and stay there,
whereas HP tends to jump between two states centered on ∼30
and ∼0° (Figure 4g). Therefore, we observe that while the
relative positioning of the lobes is locked at definitive values in
the absence of ions in the solvent (−30°) as well as at low
(30°) and relatively high IS (−30°), at the optimal IS the
protein displays large, alternating twist motions in the lobe−
lobe torsion space, with most conformations keeping the major
axes of the two lobes in the same plane (0°), favorable for
binding to the TfR.
Physiological Salt Concentration Is Optimal for Iron

Release from the N-Lobe. Focusing on the iron binding site
topology, in Table 2, we list the distance between iron and
interacting side chain of every coordinating residue in the two
lobes averaged over 200 ns of MD simulations for H systems.
In the distorted octahedral coordination of the iron binding
site, even before tyrosines are protonated to trigger domain
opening, histidines are naturally further away from iron than
the other coordinating residues (at ∼4 Å in the N-lobe, and ∼5
Å in the C-lobe). Since the H** systems remain compact with
minimal domain opening angles, we conclude that the
proximity of the histidines are not crucial for preventing iron
release. On the other hand, in all the systems in both groups,
Asp residues (D63 and D392) are quite stable and do not
display any change in their interaction distance from iron. This
behavior is due to the strong electrostatic interactions between
aspartic acid and ferric ion. D63 and D392 are located at the
edge of N1 and C1 subdomains, respectively, and disruption of
their interaction with iron will result in complete domain
opening, an event we do not expect to observe under the
current simulation conditions (this point will be further
discussed with the iron binding strengths listed in Table 3).

Iron coordinating tyrosines (Y95, Y188, Y426, and Y517)
display large movements in the H group, while they have a fixed
distance to Fe3+ in the H** systems due to the negative charge
on the tyrosines in this simulation set.
We find that there are no new residues coordinating iron in

any of the H systems. Since the contacts with tyrosines are lost,
the iron is exposed to water in all cases. For HH, the contacting
residues are D63, H249 on the N-lobe and D392, H585 in the
C-lobe. As the IS is lowered, residues start to lose contact; i.e.,
for HP H249 contact is lost, and for HL and H0 H585 contact is
lost in addition to this residue. However, while the distance
from the coordinating tyrosines get as large as 10 Å, the
standard error on the mean is as low as 0.01 Å. Thus, the
remaining contacts are strong enough to stabilize the iron. We
note that the presence of water brings in additional entropic
stabilization in the region.

When we further monitor the detailed interactions, we find
that H249 of HH is closer to Fe3+ than in any other system in
the H group because of the relatively low amount of domain
opening of the N-lobe in HH (Figure 4d). H585 is quite mobile
in H0 and HL and its distance from iron increases up to ∼5.5 Å,
while it keeps its coordination to iron in HP and HH. The
distance change pattern in the N-lobe shows that stability of
D63 and D392 from N1 and N2 side of the iron binding cleft
prevent complete domain opening in the H group. However,
near physiological IS, the N-lobe is in an open state, while the
C-lobe is closed, in conformity with experimental observations
whereby in the absence of TfR, iron release rates are faster from
the N-lobe by a factor of 1.4 at 37 °C (54.7 × 10−3 and 40.4 ×
10−3 min−1, respectively; the difference is 3.5 fold at 25 °C).51

Thus, the physiological IS is optimized for hTf function in
that, (i) it renders flexibility to the N-lobe for maximal lobe
opening leading to the faster release rates in the absence of TfR,
(ii) it restricts motions in the C-lobe for receptor recognition,
and (iii) maintains a conformation suitable for TfR binding
(the major axes of the two lobes of hTf are in the same plane in
TfR form; PDB code 1suv57).

R124 is the Major KISAB Site in the N-Lobe. To
understand how the presence of ions affects the protein
conformation and iron binding properties, we study the
distribution of the solvated nonsynergistic ions (Na+ and
Cl−) duplicate MD runs of hTf in H group proteins. He et al.
studied chloride effect on iron release in detail,58 and showed
that the direct effect of chloride on iron release rates is very
small. However, it has a synergistic effect pointing to a rate-
determining step. This is corroborated by their D63 mutants
where the loose structure is more affected by the presence of
chloride.
In the H group where lobe opening has been triggered, we

calculate the radial distribution functions of Na+ ions around
negative side chain of Asp and Glu residues and Cl− ions
around positive side chains of Arg and Lys residues. Here, we
do not consider H0 system in our calculations since it contains
only several Na+ cations for system neutralization purposes
(Table 1). We note that on the N-lobe there are 24, 16, 12, and
27 Asp, Glu, Arg and Lys residues, respectively. Their
respective numbers on the C-lobe are 20, 24, 12, and 31.
Furthermore, all Asp, Glu, Arg and Lys residues reside on or
near the protein surface, which we have verified through
individual SASA calculations.
Na+ ions display greater preference for the protein surface

relative to their counterions based on their large RDFs around
the protein surface (Figure S5). The interactions between Na+

ions and Asp residues are roughly similar in all systems (g(r) ∼
7−8; Figure S5a). However, their propensity toward Glu
residues slightly depend on IS in the order HH < HL ≈ HP
(Figure S5b). The number densities of Cl around Arg (Figure
S5c) or Lys (Figure S5d) are about 8 times lower than that of
Na+ around Asp and Glu. Notably, Cl− ions interact strongly
with Arg residues in the HP system while increasing or
decreasing the IS restores these interactions to the same level as
those with lysines.
Anion binding to KISAB sites is said to boost extracellular

iron release to ligands such as siderophores or therapeutic
chelating agents used to treat iron overload.20 He et al. report
that anions help maintain conformational change from closed
to open state by binding to residues inside the cleft.58 The
binding of anions to hTf may occur at places near ferric ion
binding site, which are positively charged.2,59 Particularly, it has

Table 3. Estimated Free Energy Differences upon Ferric Ion
Binding in H and H** Systems in the N- and C-Lobes (All
Values in kcal/mol)

IS/
ΔG° N** C** N C

0 −36.4 ± 0.9 −28.9 ± 2.0 −16.4 ± 0.6 −21.9 ± 3.0
50 −35.1 ± 0.5 −33.1 ± 0.8 −17.2 ± 0.1 −25.1 ± 1.1
130 −34.9 ± 1.8 −30.3 ± 0.7 −19.4 ± 0.4 −23.6 ± 2.0
210 −33.2 ± 1.0 −33.1 ± 0.8 −17.7 ± 0.6 −19.2 ± 1.0
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been predicted that anion binding to Arg residues in the N2

subdomain induces a conformational change in the N-lobe
before the conformational change in the C-lobe.23,60 To
corroborate these experimental findings, we have individually
monitored the different regions on the protein structure at
various IS, and we find that the most significant interaction of
Cl− ions is around R124 of the N2 subdomain. We find that
interactions of Cl− ion with R124 displays significant
differences relative to the average distribution of Cl− ions
around all Arg residues on the protein surface.
The protonation of critical residues and domain opening in

the N-lobe of H group facilitates the Cl− ion entry to the iron-
binding cleft where Cl− ion is free to contact R124. We find
that a Cl− ion is present in the iron-binding cleft of the N-lobe
in five out of the six runs (we do not find specific interactions
between R124 and a Cl− only in the second 150 ns simulation
at 130 mM IS). Sample interactions are displayed in Figure 5,
and a sample run is provided as a supplementary movie for the
HH system where the Cl− binding is long-lived; in the HP
systems Cl− binding is less long-lived and exchanges between
different Cl− ions is observed with an average lifetime of 7 ns.
The interaction between Cl− and R124 is either tight, with a
distance of 2.1 Å (Figure 5a), or looser, with Cl− occupying the

region between R124, K206, and K296 and having an average
distance of 6.5 Å to R124 (Figure 5b).
In hTf structure, R124 anchors the carbonate anion in the

ferric binding cleft. Carbonate bonds bidentately to R124 and
the N-terminus of an α-helix through hydrogen bonding.61 The
combination of ferric binding residues, carbonate, and
carbonate anchoring residues maintains the optimum size and
shape for ferric exit pathway. The R124-Cl− interaction might
change carbonate and iron binding mode, leading to carbonate
followed by ferric ion mobility in the cleft. The perturbation of
carbonate−R124 interaction via a Cl− ion and hence loose
binding of carbonate may readily facilitate its protonation and
help facilitate iron release. At some time points, the same Cl−

ion coordinates K206 and K296 (Figure 5b), the two residues
forming the so-called dilysine trigger.62 EPR spectra of K206Q
and K296Q indicate altered iron binding properties and similar
Cl− binding curves compared to the WT, suggesting that Cl−

binding to these two residues are not effective in inducing
conformational changes at physiological pH and arguing against
a role for K206 and K296 as a KISAB site.22 However, we find
that the contact between R124/K206/K296 and Cl− ion might
nevertheless support domain opening. This contact prevents
the hydrogen bonding and pairing between the two lysine
residues and holds the N-lobe in an open conformation.
We note that we also monitor the ferric ion coordination by

Cl− ion in the C-lobe and observe that Cl− interaction with
K534 occurs in one HP and one HH system run where the C-
lobe is relatively more open than HL system so that a Cl− ion
may enter the cleft and interact with ferric ion. The interaction
between Cl− is stronger in the HP system, where it also
coordinates R632 in its second coordination shell. Thus, the
role of KISAB sites on the C-lobe might also be examined in
future studies.

Exposed Iron Cannot Dissociate without Chelators.
Once we identify that there is IS-dependent conformational
change in the iron binding clefts following tyrosine protonation,
the question arises as to whether iron is expected to dissociate
in this conformation. We therefore calculate the binding
affinities of ferric ions in various systems using SMD
simulations (eqs 1−4) to determine affinities. First, we perform
SMD for the H** systems to determine the quantitative range
of accuracy of our SMD procedure, since there is experimental
data for this system at neutral pH and in the absence of the
TfR.63 For this purpose, the 50, 100, and 200 ns equilibrated
snapshots are chosen as the initial structures for the SMD
experiment.
The standard free energy estimations for ligand dissociation

from the N-lobe and the C-lobe are reported in Table 3. We
caution against overinterpretation of the exact free energy
values since hydration free energies of multivalent metal ions
are known to be underestimated by Lennard-Jones 12−6 type
of potentials (see refs 28 and 64 for details). In addition, there
will also be small errors to correct for the relaxation of the fixed
Cα coordinates in the binding site upon complete dissociation
of iron (see subsection SMD Simulations under Methods).
However, the interpretation of the free energy differences
between the different systems is more reliable, as all systems
studied have these errors.
The results show that ferric ion extraction requires

substantially more work in H** relative to the H group, for
both the N-lobe and the C-lobe. This is a result of the strong
interaction of iron coordinating residues, particularly the
deprotonated tyrosines, with the ferric ion and closed domains

Figure 5. A Cl− ion (cyan sphere) enters into the N-lobe binding cleft
and establishes a persistent electrostatic interaction with residues R124
(tan stick), K206 and K296 (purple sticks). The distances between
amino group of each residue and the Cl− ion are labeled on the figure.
Only N-lobe (transparent cartoon) is shown for clarity.
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of H** systems. In this case, iron dissociation from both lobes
are on the same order of magnitude within error bounds, except
for the case that lacks ions in solution, where the N-lobe is
tighter than the C-lobe by 7.5 ± 2.2 kcal/mol. The
experimentally evaluated ferric ion binding constants at
physiological pH and in various salts are on the order of Kd
∼ 10−22 M.63,65,66 Using eq 4, this corresponds to standard
dissociation free energies of ∼31 kcal/mol at 310 K, on the
order of the energies displayed in Table 3.
Once iron coordination is disrupted by the protonated

tyrosines, iron dissociation is easier to achieve (corroborated by
lower ΔG° in H compared to H**), more so on the N-lobe
than the C-lobe. The overall considerably larger amount of
work necessary to remove ferric ion from the C-lobe relative to
the N-lobe originates from the C-lobe structure. While the
hinge region in the N-lobe (residues 94−100) is slightly shorter
than that in the C-lobe (residues 424−433), the latter is more
rigid due to the presence of additional disulfide bridges. The
control of the binding cleft is therefore accomplished by the
internal linker connecting the rigidified C1 and C2 sub-
domains.67 Furthermore, kinetic iron release rate from the C-
lobe is slower than the release rate from the N-lobe in the
absence of TfR,14 in conformity with the tighter C-lobe
domains and stronger iron binding affinities following triggered
lobe opening by tyrosine protonation at IS up to and including
the physiological value. We note, however, that even in the
situations with the lowest standard free energies of dissociation,
the iron is still in the tight binding regime of pico Molar range.
Thus, while tyrosine protonation triggers the conformational
changes leading to lobe opening and presents the iron to the
solvent, D63 on the N-lobe and D392 on the C-lobe remain in
direct contact with the iron (Table 2), preventing spontaneous
dissociation. The conformation, however, provides enough
solvent accessibility to the iron for chelators to pick it up from
the binding site.

■ CONCLUDING REMARKS
We have studied dynamical properties and energetics of hTf
under varying IS conditions by classical unbaised sampling as
well as steered MD simulations. We define two groups of holo
hTf systems where we use ground-state neutral tyrosines (H
group) and deprotonated negatively charged tyrosines (H**
group) in ferric ion binding site while changing IS over the
range of 0−210 mM. The simulations have implications for
designing transferrin-based nanomachines to transport ligands
where modeling the protein conformations associated with
specific environments enables the delivery of conformationally
selective ligands.68

While we have previously shown that manipulating
protonation states of the iron coordinating residues triggers
large global motions,15 here we show that the extent of
conformational changes under various IS has effects at two
different stages of iron dissociation. It has been argued by
extrapolation of iron removal rates to 0 IS that there is lack of
iron release in the absence of the nonsynergistic ions.24 We find
that in the first stage that requires protonation of tyrosines, the
salt in the solution has a mean field effect by altering the
electrostatic potential distribution on the protein surface
(Figure 2), harboring the balanced charge environment
necessary for directed protonation events in the protein. In
the second stage that involves iron dissociation from the
partially open lobes, we show that the Cl− ions enter the
binding site and affect the dynamics locally. It has been

reported that physiological salt concentration gives the
maximum amplitude loss of the EPR signal,21 implying that
maximum conformational change occurs at this IS. We also find
that domain-opening motions in the N-lobe of hTf in H group
systems is enhanced up to ∼130 mM IS, where it reaches a
maximum. Further increase of the IS enhances domain
separation in the C-lobe while maintaining the partially open
state of the N-lobe. The measured increase in iron release rates
from both lobes of hTf by increasing IS correlates well with
these observations.24 It is significant that the physiological
concentration of anion has the greatest effect on conforma-
tional changes of the N-lobe, as it is the first lobe to release iron
in the absence of the TfR, in conformity with the biphasic
kinetics measured for hTf.69

By monitoring the distribution of ionic species around the
protein, we find strong interactions between Cl− ions and R124
in the N-lobe and propose it as a possible KISAB site. The
binding of Cl− ions to residues inside the iron binding cleft
promotes iron release by maintaining the open state of the
lobes and preparing a suitable environment for chelators.
Nevertheless, we calculate pico Molar dissociation constants,
even in the most open conformations sampled in the
simulations (Table 3), implying that spontaneous dissociation
of iron is not expected to occur even though in these
conformations the iron is presented to the solvent. The role of
the conformational change is rather to stage a chelator binding
template for controlled release of iron. Thus, chelators are
necessary for iron removal in the fully open lobes of iron, a
mechanism that ensures the cell is protected from the toxic
effects of free iron.
The present study highlights the combinatorial effect of

protonation and salt concentration at physiological pH and in
the absence of TfR and/or chelators in the environment. We
show that the MD simulation provides results that are of
interest while designing ligands to store, carry, and deliver
metal ions to cells. For example, hTf is able to bind many
transient and nontransient metals other than iron, such as Bi, V,
Ru, Cr, Al, and Ga, which have possible therapeutic benefits.70

Transferrin is also an attractive molecule for many targeted
therapies.71 Thus, we emphasize that in various environments,
molecular motions and conformational changes of the carrier
protein ought to be considered. The local fluctuations along
with global shape changes might drastically affect the
predesigned ligand uptake affinities and release rate efficiency
in targeted drug delivery.
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Affects the Conformational Behavior of Human and Rat Beta
Amyloids − a Computational Sstudy. PLoS One 2013, 8 (5), e62914.
(32) Date, M. S.; Dominy, B. N. Modeling the Influence of Salt on
the Hydrophobic Effect and Protein Fold Stability. Commun. Comput.
Phys. 2013, 13 (1), 90−106.
(33) Lambert, L. A.; Perri, H.; Halbrooks, P. J.; Mason, A. B.
Evolution of the Transferrin Family: Conservation of Residues
Associated with Iron and Anion Binding. Comp. Biochem. Physiol.,
Part B: Biochem. Mol. Biol. 2005, 142 (2), 129−141.
(34) Noinaj, N.; Easley, N. C.; Oke, M.; Mizuno, N.; Gumbart, J.;
Boura, E.; Steere, A. N.; Zak, O.; Aisen, P.; Tajkhorshid, E.; et al.
Structural Basis for Iron Piracy by Pathogenic Neisseria. Nature 2012,
483 (7387), 53−U92.
(35) Adams, T. E.; Mason, A. B.; He, Q.-Y.; Halbrooks, P. J.; Briggs,
S. K.; Smith, V. C.; MacGillivray, R. T. A.; Everse, S. J. The Position of
Arginine 124 Controls the Rate of Iron Release from the N-Lobe of

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.7b02380
J. Phys. Chem. B 2017, 121, 4778−4789

4788

http://dx.doi.org/10.1021/acs.jpcb.7b02380


Human Serum Transferrin: A Structural Study. J. Biol. Chem. 2003,
278 (8), 6027−6033.
(36) MacGillivray, R. T. A.; Moore, S. A.; Chen, J.; Anderson, B. F.;
Baker, H.; Luo, Y.; Bewley, M.; Smith, C. A.; Murphy, M. E. P.; Wang,
Y.; et al. Two High-Resolution Crystal Structures of the Recombinant
N-Lobe of Human Transferrin Reveal a Structural Change Implicated
in Iron Release. Biochemistry 1998, 37 (22), 7919−7928.
(37) He, Q. Y.; Mason, A. B.; Woodworth, R. C.; Tam, B. M.;
MacGillivray, R. T. A.; Grady, J. K.; Chasteen, N. D. Inequivalence of
the Two Tyrosine Ligands in the N-Lobe of Human Serum
Transferrin. Biochemistry 1997, 36 (48), 14853−14860.
(38) Clarkson, J.; Smith, D. A. Uv Raman Evidence of a Tyrosine in
Apo-Human Serum Transferrin with a Low Pka That Is Elevated
Upon Binding of Sulphate. FEBS Lett. 2001, 503 (1), 30−34.
(39) Phillips, J. C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid,
E.; Villa, E.; Chipot, C.; Skeel, R. D.; Kale, L.; Schulten, K. Scalable
Molecular Dynamics with Namd. J. Comput. Chem. 2005, 26 (16),
1781−1802.
(40) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular
Dynamics. J. Mol. Graphics 1996, 14, 33−38.
(41) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.;
Swaminathan, S.; Karplus, M. CHARMM: A Program for Macro-
molecular Energy, Minimization, and Dynamics Calculations. J.
Comput. Chem. 1983, 4, 187−217.
(42) Raiteri, P.; Gale, J. D. Water Is the Key to Nonclassical
Nucleation of Amorphous Calcium Carbonate. J. Am. Chem. Soc. 2010,
132, 17623−17634.
(43) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R.
W.; Klein, M. L. Comparison of Simple Potential Functions for
Simulating Liquid Water. J. Chem. Phys. 1983, 79 (2), 926−935.
(44) Darden, T.; Perera, L.; Li, L. P.; Pedersen, L. New Tricks for
Modelers from the Crystallography Toolkit: The Particle Mesh Ewald
Algorithm and Its Use in Nucleic Acid Simulations. Structure 1999, 7,
R55−R60.
(45) Andersen, H. C. Rattle: A “Velocity” Version of the Shake
Algorithm for Molecular Dynamics Calculations. J. Comput. Phys.
1983, 52 (1), 24−34.
(46) Park, S.; Khalili-Araghi, F.; Tajkhorshid, E.; Schulten, K. Free
Energy Calculation from Steered Molecular Dynamics Simulations
Using Jarzynski’s Equality. J. Chem. Phys. 2003, 119 (6), 3559−3566.
(47) Jarzynski, C. Nonequilibrium Equality for Free Energy
Differences. Phys. Rev. Lett. 1997, 78 (14), 2690.
(48) Gore, J.; Ritort, F.; Bustamante, C. Bias and Error in Estimates
of Equilibrium Free-Energy Differences from Nonequilibrium
Measurements. Proc. Natl. Acad. Sci. U. S. A. 2003, 100 (22),
12564−12569.
(49) General, I. J. A Note on the Standard State’s Binding Free
Energy. J. Chem. Theory Comput. 2010, 6 (8), 2520−2524.
(50) De Vivo, M.; Masetti, M.; Bottegoni, G.; Cavalli, A. Role of
Molecular Dynamics and Related Methods in Drug Discovery. J. Med.
Chem. 2016, 59 (9), 4035−4061.
(51) Halbrooks, P. J.; He, Q. Y.; Briggs, S. K.; Everse, S. J.; Smith, V.
C.; MacGillivray, R. T. A.; Mason, A. B. Investigation of the
Mechanism of Iron Release from the C-Lobe of Human Serum
Transferrin: Mutational Analysis of the Role of a Ph Sensitive Triad.
Biochemistry 2003, 42 (13), 3701−3707.
(52) Hirose, M. The Structural Mechanism for Iron Uptake and
Release by Transferrins. Biosci., Biotechnol., Biochem. 2000, 64 (7),
1328−1336.
(53) Dewan, J. C.; Mikami, B.; Hirose, M.; Sacchettini, J. C.
Structural Evidence for a Ph-Sensitive Dilysine Trigger in the Hen
Ovotransferrin N-Lobe - Implications for Transferrin Iron Release.
Biochemistry 1993, 32 (45), 11963−11968.
(54) He, Q. Y.; Mason, A. B.; Tam, B. M.; MacGillivray, R. T. A.;
Woodworth, R. C. Dual Role of Lys206-Lys296 Interaction in Human
Transferrin N-Lobe: Iron-Release Trigger and Anion-Binding Site.
Biochemistry 1999, 38 (30), 9704−9711.

(55) Baker, N. A.; Sept, D.; Joseph, S.; Holst, M. J.; McCammon, J.
A. Electrostatics of Nanosystems: Application to Microtubules and the
Ribosome. Proc. Natl. Acad. Sci. U. S. A. 2001, 98 (18), 10037−10041.
(56) Aykut, A. O.; Atilgan, A. R.; Atilgan, C. Designing Molecular
Dynamics Simulations to Shift Populations of the Conformational
States of Calmodulin. PLoS Comput. Biol. 2013, 9 (12), e1003366.
(57) Cheng, Y.; Zak, O.; Aisen, P.; Harrison, S. C.; Walz, T. Structure
of the Human Transferrin Receptor-Transferrin Complex. Cell 2004,
116 (4), 565−576.
(58) He, Q. Y.; Mason, A. B.; Nguyen, V.; MacGillivray, R. T.;
Woodworth, R. C. The Chloride Effect Is Related to Anion Binding in
Determining the Rate of Iron Release from the Human Transferrin N-
Lobe. Biochem. J. 2000, 350 (3), 909−915.
(59) Harris, W. R.; Cafferty, A. M.; Trankler, K.; Maxwell, A.;
MacGillivray, R. T. A. Thermodynamic Studies on Anion Binding to
Apotransferrin and to Recombinant Transferrin N-Lobe Half
Molecules. Biochim. Biophys. Acta, Protein Struct. Mol. Enzymol. 1999,
1430 (2), 269−280.
(60) Harris, W. R.; Cafferty, A. M.; Abdollahi, S.; Trankler, K.
Binding of Monovalent Anions to Human Serum Transferrin. Biochim.
Biophys. Acta, Protein Struct. Mol. Enzymol. 1998, 1383 (2), 197−210.
(61) Baker, H. M.; He, Q.-Y.; Briggs, S. K.; Mason, A. B.; Baker, E. N.
Structural and Functional Consequences of Binding Site Mutations in
Transferrin: Crystal Structures of the Asp63Glu and Arg124Ala
Mutants of the N-Lobe of Human Transferrin. Biochemistry 2003, 42
(23), 7084−7089.
(62) Day, C. L.; Anderson, B. F.; Tweedie, J. W.; Baker, E. N.
Structure of the Recombinant N-Terminal Lobe of Human Lactoferrin
at 2.0-Angestrom Resolution. J. Mol. Biol. 1993, 232 (4), 1084−1100.
(63) Aisen, P.; Leibman, A.; Zweier, J. Stoichiometric and Site
Characteristics of the Binding of Iron to Human Transferrin. J. Biol.
Chem. 1978, 253 (6), 1930−7.
(64) Li, P.; Song, L. F.; Merz, K. M. Parameterization of Highly
Charged Metal Ions Using the 12−6-4 Lj-Type Nonbonded Model in
Explicit Water. J. Phys. Chem. B 2015, 119 (3), 883−895.
(65) Bou-Abdallah, F.; Terpstra, T. R. The Thermodynamic and
Binding Properties of the Transferrins as Studied by Isothermal
Titration Calorimetry. Biochim. Biophys. Acta, Gen. Subj. 2012, 1820
(3), 318−325.
(66) Martin, R.; Savory, J.; Brown, S.; Bertholf, R.; Wills, M.
Transferrin Binding of Al3+ and Fe3+. Clin. Chem. 1987, 33 (3), 405−
407.
(67) James, N. G.; Byrne, S. L.; Steere, A. N.; Smith, V. C.;
MacGillivray, R. T. A.; Mason, A. B. Inequivalent Contribution of the
Five Tryptophan Residues in the C-Lobe of Human Serum Transferrin
to the Fluorescence Increase When Iron Is Released. Biochemistry
2009, 48 (13), 2858−2867.
(68) Salsbury, F. R., Jr. Molecular Dynamics Simulations of Protein
Dynamics and Their Relevance to Drug Discovery. Curr. Opin.
Pharmacol. 2010, 10 (6), 738−44.
(69) Kretchmar, S. A.; Raymond, K. N. Biphasic Kinetics and
Temperature Dependence of Iron Removal from Transferrin by 3, 4-
Licams. J. Am. Chem. Soc. 1986, 108 (20), 6212−6218.
(70) Vincent, J. B.; Love, S. The Binding and Transport of
Alternative Metals by Transferrin. Biochim. Biophys. Acta, Gen. Subj.
2012, 1820 (3), 362−378.
(71) Daniels, T. R.; Bernabeu, E.; Rodríguez, J. A.; Patel, S.; Kozman,
M.; Chiappetta, D. A.; Holler, E.; Ljubimova, J. Y.; Helguera, G.;
Penichet, M. L. Transferrin Receptors and the Targeted Delivery of
Therapeutic Agents against Cancer. Biochim. Biophys. Acta, Gen. Subj.
2012, 1820 (3), 291−317.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.7b02380
J. Phys. Chem. B 2017, 121, 4778−4789

4789

http://dx.doi.org/10.1021/acs.jpcb.7b02380

