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Abstract
Background—Human serum transferrin (hTF) is a bilobal glycoprotein that reversibly binds
Fe3+ and delivers it to cells by the process of receptor-mediated endocytosis. Despite decades of
research, the precise events resulting in iron release from each lobe of hTF within the endosome
have not been fully delineated.

Scope of Review—We provide an overview of the kinetics of iron release from hTF ± the
transferrin receptor (TFR) at endosomal pH (5.6). A critical evaluation of the array of biophysical
techniques used to determine accurate rate constants is provided.

General Significance—Delivery of Fe3+ by to actively dividing cells by hTF is essential; too
much or too little Fe3+ directly impacts the well-being of an individual. Because the interaction of
hTF with the TFR controls iron distribution in the body, an understanding of this process at the
molecular level is essential.

Major Conclusions—Not only does TFR direct the delivery of iron to the cell through the
binding of hTF, kinetic data demonstrate that it also modulates iron release from the N- and C-
lobes of hTF. Specifically, the TFR balances the rate of iron release from each lobe, resulting in
efficient Fe3+ release within a physiologically relevant time frame.
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1. Introduction
1.1 Overview of Iron and Human Serum Transferrin (hTF)

The one electron transfer between ferrous (Fe2+) and ferric (Fe3+) iron is accomplished with
relative ease. Due to its inherent redox properties, iron is critical to a number of biological
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processes including oxygen and electron transport [1]. However, these same redox
properties that provide versatility also make iron dangerous. In oxygen rich environments
Fe3+ is extremely insoluble and Fe2+ can be toxic. Specifically, reduction of O2 by Fe2+

generates superoxide, which ultimately can lead to the formation of the hydroxyl radical, a
powerful oxidant known to damage DNA, proteins and lipids [2]. To avoid Fenton
chemistry, iron must be carefully chaperoned through the body by human serum transferrin
(hTF) where it is solubilized and stabilized as Fe3+ or stored in ferritin.

An ~80 kDa bilobal protein, hTF is divided into four subdomains (N1, N2, C1 and C2)
which form two lobes (termed N- and C-lobes). Each lobe of hTF binds one Fe3+ ion tightly
(~1022 M−1), yet reversibly. In humans iron absorbed from the diet passes through duodenyl
crypt cells into the serum where it is acquired by hTF. In both hTF lobes the Fe3+ is
coordinated by identical ligands: two tyrosine residues, one aspartic acid and one histidine
residue (Tyr95, Tyr188, Asp63 and His249 in the N-lobe; Tyr426, Tyr517, Asp392 and
His585 in the C-lobe). The distorted octahedral coordination of the iron is completed by a
synergistic anion, identified as carbonate, which is anchored in place by a conserved
arginine residue (Arg124 in the N-lobe and Arg456 in the C-lobe).

Given the ability to bind iron in either or both lobes, hTF circulates in the blood as four
different species differing only in iron content. The ~25-50 μM hTF in the serum is
unevenly distributed between diferric (Fe2hTF, ~27%), monoferric N-lobe hTF (FeNhTF,
~23%), monoferric C-lobe hTF (FeChTF, ~11%) and iron-free hTF (apohTF, ~40%) [3]. At
the pH of the serum (~7.4) iron-bearing hTF (either Fe2hTF, FeNhTF or FeChTF) binds with
nM affinity to the specific transferrin receptor (TFR), located on the cell surface of all iron-
requiring cells (Fig. 1). The hTF/TFR complex is endocytosed in a clathrin-dependent
manner. Through the action of ATP-dependent H+ pumps, the pH within the endosome is
lowered. The significantly lower pH (~5.6) in conjunction with salt and an unidentified
chelator within the endosome initiate receptor stimulated iron release from hTF. Although
the TFR influences the redox potential of Fe3+ bound to hTF [4], recent evidence suggests
that the reduction of Fe3+ to Fe2+ may be accomplished by an endosomal ferrireductase
(Steap3)[5], presumably following Fe3+ release from hTF. Critical to the hTF endocytic
cycle, apohTF remains bound to the TFR with high affinity at endosomal pH, allowing it to
return to the cell surface. ApohTF is released back into the serum, either through
dissociation from the TFR or displacement by an iron-containing hTF [6], and free to bind
more Fe3+. The hTF/TFR cycle has become the classic example of clathrin-dependent
receptor mediated endocytosis and often serves as a positive control for other systems.

Although the iron binding ligands in each lobe of hTF are completely conserved, the
mechanism for iron release from each lobe differs. This is largely due to differences in
“second-shell” residues (residues that do not directly coordinate the Fe3+ but form an
intricate hydrogen bonding network with the primary iron ligands). In part because of
differences in the composition of the second shell residues, the two lobes differ in their
response to pH [7-9], anions [9, 10], the TFR [11, 12], and the conformation of the other
lobe.

The crystal structure of the N-lobe of hen ovotransferrin (a closely related family member of
hTF) provided the first description of a potential iron release mechanism from the N-lobe of
hTF. Attributed to an unusually low pKa value, two second shell lysine residues, Lys206 and
Lys296, located in each subdomain on opposite sides of the cleft of the N-lobe are 3.0 Å
apart, share a hydrogen bond and form what is referred to as the dilysine trigger [13]. When
the pH is reduced, protonation of one of the lysine residues causes the positively charged
lysines to repel each other (moving at least 9 Å apart in the apo N-lobe structure [14]) and
literally triggers iron release. Studies have shown that mutation of either member of the
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dilysine trigger to a glutamate or alanine drastically slowed the rate of iron removal,
validating the critical nature of the Lys206 and Lys296 interaction in the mechanism of iron
release from the N-lobe of hTF [15].

The mechanism of iron release from the C-lobe differs from that of the N-lobe because the
dilysine trigger is replaced by a triad of residues (Lys534, Arg632 and Asp634) [13]. Similar
to the dilysine trigger, Lys534 and Arg632 in the C-lobe may share a hydrogen bond that is
stabilized by Asp634, which upon protonation would trigger iron release from the lobe;
however, in the structure of pig TF, the NZ and NE group of the homologous lysine
(Lys543) and arginine (Arg641) are ~4.1 Å apart, too far to share a hydrogen bond [16].
Lacking a crystal structure of an iron-containing C-lobe of hTF, the precise mechanism by
which the C-lobe triad triggers iron release remains unclear. However, it has been shown
that mutation of Lys534 or Arg632 to an alanine severely retards iron release from that lobe,
essentially locking iron in the C-lobe [17].

1.2 Anion Binding to hTF
It is well documented that synergistic anion binding is an absolute requirement for high
affinity Fe3+ binding by hTF [18]. Although carbonate is the physiologically relevant
synergistic anion [19], other molecules (oxalate, glycolate, malonate, etc.) can substitute for
carbonate to promote high affinity Fe3+ binding to hTF [20]. Synergistic anions appear to
follow an interlocking sites model [20] in which the anion contains a carboxylate group
available to bind the anchoring arginine residue in each lobe of hTF, as well as a proximal
electron donor group 1-2 carbon atoms away to complete the distorted octahedral
coordination of the Fe3+[21].

Along with synergistic anion binding, non-synergistic anions also bind to hTF. By definition
non-synergistic anions do not facilitate Fe3+ binding to hTF, but bind to other sites. As
detailed by Folajtar and Chasteen [22] the binding of non-synergistic anions to hTF follows
the lyotropic series (SCN− > ClO4

− > PPi > ATP > Cl− >> BF4
−) and is suggested to induce

structural changes that perturb the Fe3+ binding center and thereby influence iron release
from hTF. Moreover, Kretchmar and Raymond [23] clearly demonstrated that binding of
non-synergistic anions to hTF is obligatory for iron release: iron release from hTF ceases as
the ionic strength is extrapolated to zero at pH 7.4. To emphasize their critical allosteric
effect on iron release from hTF, these non-synergistic anion binding sites were therefore
named “kinetically significant anion binding” or KISAB sites by Egan et al. [24-27].

Numerous spectroscopic techniques, including EPR [22, 28-31], NMR [32] and UV-
difference spectra [33-37], have been utilized to detect anion binding to hTF. Work by
Moreton et al. [38] clearly demonstrated that salt retards the rate of iron release from the N-
lobe while facilitating iron release from the C-lobe at pH 7.4. The Harris laboratory utilized
UV-difference techniques to provide an estimate of the binding strength of various anions to
apohTF [34, 37, 39]. The Sadler group has published a review with the equilibrium binding
constants for thirteen non-synergistic anions to hTF [40].

It is important to note that many of these earlier studies monitoring anion binding to hTF
were performed at neutral pH (~7.4), in the absence of the TFR. We propose that in order to
be designated as kinetically significant, non-synergistic anion binding must correlate with
low pH; i.e., anion binding to a KISAB site must exert maximal effect at pH ~5.6 which is
not always the case (vide infra). Although it is well known that non-synergistic anions are
required for iron release from hTF at pH 7.4, identification of the specific non-synergistic
anion binding sites has remained elusive. Positively charged (lysine, arginine and histidine)
residues are obvious choices for potential KISAB sites. For many years it was hypothesized
that the most likely sites would be iron liganding residues, second-shell residues and
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residues in the hinging β-strands which facilitate opening and closing of each lobe of hTF
[27, 29, 41]. It seems likely that anions bind to these residues (normally buried within the
cleft of each lobe when Fe3+ is bound) only after iron is released and therefore do not
qualify as legitimate KISAB sites, but may function to stabilize the apo conformation of
each lobe.

1.3 The Transferrin Receptor (TFR)
Briefly, the TFR is a type II transmembrane homodimeric receptor comprised of a short
cytoplasmic tail (residues 1-67) with an internalization motif, a membrane-spanning portion
(residues 68-88), a stalk region (residues 89-120) and a large extracellular ectodomain
(residues 121-760) [42]. The ectodomain is further subdivided into three domains: the
protease-like domain (residues 121-188 and 384-606), the apical domain (residues 189-383)
and the helical domain (residues (607-760) responsible for dimerization [43].

1.4 Techniques to Monitor Iron Release from hTF
A number of different methods have been utilized to monitor iron release from hTF. The
interaction between the two tyrosinates and the coordinated Fe3+ in each lobe of hTF
produces a ligand-to-metal charge transfer (LMCT) band centered at ~470 nm [44-46]. In
the past, iron release from hTF was directly measured by monitoring the decrease in the
visible absorbance maximum [47]. However, this technique is rather insensitive requiring
substantial amounts of protein. Another technique to monitor iron release from hTF and
hTF/TFR complexes was the polyethylene glycol (PEG) precipitation method developed by
Aisen and coworkers [11, 48, 49]. These experiments required adding labeled 59Fe to
apohTF. Because PEG allows precipitation of the 59Fe2hTF while the chelate-iron
complex 59Fe-PPi remains in the soluble fraction, the 59Fe label released from hTF can be
monitored during the iron removal process (at various pH values). More recently, intrinsic
tryptophan fluorescence has become the method of choice to monitor iron release from hTF.
Binding of Fe3+ to hTF results in disruption of the π-π* transition of the two tyrosine
ligands, increasing the UV absorbance which overlaps with and strongly quenches the Trp
fluorescence through radiationless transfer of excited-state energy (as first described by
Lehrer) [44]. Therefore, a significant increase in the intrinsic tryptophan fluorescence of
hTF is observed when iron is removed from hTF: iron removal from Fe2hTF, FeNhTF and
FeChTF results in a 368%, 74% and 71% increase the fluorescence intensity, respectively
[50]. Mutagenesis studies on both the N- and C-lobes of hTF have clearly determined which
Trp residues (3 in the N-lobe and 5 in the C-lobe) contribute to the observed increase in
fluorescence upon iron removal [51, 52]. Moreover, the utilization of Trp analogues
established that the increase in the fluorescent signal that is observed when iron is removed
from hTF/TFR complexes is probably attributable to the Trp residues in hTF and not the 22
Trp residues of the TFR homodimer (note that these experiments were carried out using the
soluble portion of the TFR, designated sTFR) [53].

2. Kinetics of Iron Release from hTF
Although years of research effort have produced interesting findings on the kinetics of iron
release from hTF at pH ~7.4 [11, 25, 39, 48, 54-59], with relevance to whole body chelator
development and iron acquisition by bacterial siderophores during pathogenesis, this review
will focus on the kinetics of iron release from hTF at endosomal pH ~5.6 with relevance to
intracellular iron delivery.

2.1 Experimental Challenges
A great deal of effort has been devoted to understanding the mechanism and kinetics of iron
removal from hTF. However, numerous experimental challenges exist due to the complexity
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of the hTF system. A particular challenge has been the isolation and assignment of the
individual rate constants for each kinetic event (iron release and associated conformational
changes). Previous studies utilized hTF constructs in which iron had been selectively
removed from one iron-binding site [9, 60], or site-specifically loaded with kinetically inert
cobalt allowing isolation of some of these microscopic rate constants. However, uncertainty
with regard to the homogeneity of the samples has been a concern.

More recently, the use of recombinant technology has provided the means to produce hTFs
that are either incapable of binding (mutation of the two liganding Tyr residues to Phe
precludes iron binding in one lobe to create authentic FeNhTF or FeChTF constructs) [61] or
releasing iron from one of the two lobes (mutation of residues in the dilysine trigger or C-
lobe triad prevent iron removal to create LockNhTF or LockChTF constructs) [17, 50, 62].

The initial studies measuring iron release from hTF in the presence of the receptor utilized
full-length TFR isolated from placenta. Solubilization of the membrane bound TFR required
harsh purification techniques and the presence of detergent micelles, resulting in low yields
of TFR [63, 64]. Again, the homogeneity of such TFR preparations has been a serious
concern. Nevertheless, a number of significant findings emerged from the early studies with
placental-derived TFR (described below) that served as the groundwork for subsequent
work.

The recombinant production of the soluble portion of the TFR (sTFR, residues 121-706) [43,
65, 66] has overcome most of the challenges of working with the full-length placental-
derived TFR. The use of the sTFR eliminates the need for detergent, and although two
disulfide bonds in the stalk region (Cys89 and Cys98) are formed as a result of TFR
dimerization, the homodimer is maintained even in their absence (as in the sTFR) due to the
strong interaction between the helical domains of each monomer.

A daunting experimental challenge has been to capture all kinetic events, including
conformational changes during the process of iron removal from hTF. Although the kinetics
of iron release from hTF at pH 5.6 are relatively slow in comparison to most enzymatic
processes, many techniques monitoring iron release rates (PEG precipitation, absorbance
studies and steady-state Trp fluorescence) were unable to measure early kinetic events in the
process. This challenge has recently been overcome by the use of stopped-flow absorbance
and fluorescence [51, 52, 62]. The use of the stopped-flow fluorescence method to measure
the kinetics of iron release not only captures rapid kinetic events, but is also very sensitive
(requiring only nM concentrations of protein) and is reproducible [62].

2.2 Early Studies on the Kinetics of Iron Release from hTF ± TFR at pH 5.6
Some of the first mechanistic insights into the role of the TFR on the kinetics of iron release
from hTF at pH 5.6 were gained from the works of the Aisen laboratory[11, 49].
Specifically, PEG precipitation studies with the TFR provided the initial suggestion that the
TFR hinders iron release from hTF at pH 7.4 while facilitating iron release from hTF at pH
5.6 [64]. Additionally, Bali and Aisen [11, 49], determined that in the absence of the TFR,
iron is released first from the N-lobe followed by the C-lobe; importantly they also
suggested that the presence of the TFR reversed this order. Further studies utilizing a time-
based steady-state tryptophan fluorescence technique clearly demonstrated that the TFR
enhanced the rate of iron release from the C-lobe of hTF at pH 5.6 [12].

Studies from the laboratory of el Hage Chahine used stopped-flow absorbance and pH-jump
chemical relaxation studies to monitor iron release from Fe2hTF and FeChTF in the presence
of detergent-solubilized placental-derived TFR [67, 68]. The Aisen laboratory previously
noted the absolute requirement of an iron chelator, even at low pH, to achieve reasonable
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rates for iron removal from hTF, i.e., to remove 50% of iron from an hTF/TFR complex at
pH 5.6 in the absence of an iron chelator required hours [64]. Contrary to our findings
(discussed below) and the findings of the Aisen laboratory, the el Hage Chahine laboratory
concluded that iron is preferentially removed from the N-lobe of hTF first, both in the
absence and presence of the detergent solubilized TFR. However, in these studies acetate
was used as the competing ligand for the iron. Recently, we have shown that at pH 5.6,
acetate alone is ineffective in removing iron from hTF in the presence or absence of the
sTFR [62]. However, when the same acetate buffer was supplemented with a chelator
(EDTA), complete iron release was achieved [62]. Given the absence of a strong chelator in
the kinetic studies from the el Hage Chahine laboratory, it is unclear what was actually
being measured and the validity of their findings is unclear.

2.3 A Cautionary Tale
Our laboratory has recently published the most comprehensive kinetic analysis of iron
release from hTF in the absence and presence of the sTFR using an optimized stopped-flow
iron removal assay (see below) [62]. Briefly, to perform these experiments, hTF, alone or in
complex with the sTFR, is rapidly mixed with our standard iron removal buffer (100 mM
MES, pH 5.6 containing 300 mM KCl and 4 mM EDTA). Use of the stopped-flow
spectrofluorometer allows capture of all events leading to iron release. In combination with
the ability to produce recombinant hTF with specific properties of iron binding and/or
release, a comprehensive determination of all kinetic steps is now possible. Crucially, such a
scheme (Fig. 2A) must also include assessment of the release properties of hTF constructs
bound to the TFR (Fig. 2B). It is important to re-emphasize that in our previous work and in
that of others using a steady-state format, crucial kinetic events were missed. Examples
include the updated and far more detailed analysis of the kinetics of iron release from a
series of six mutants in which the histidine at position 349 in the C-lobe was changed to
another amino acid [69]. We suggest that in this case although the conclusions of the earlier
work were correct [70], the stopped-flow format has allowed capture of additional events
providing a better understanding of the role of His349. Additionally, the sensitivity of the
spectrofluorometer requires lower concentrations of sample, facilitating multiple
determinations and an excellent signal to noise ratio.

In contrast, we incorrectly suggested that when Asp634, a member of the C-lobe triad
(Lys534, Arg632 and Asp634), was mutated to alanine the rate of iron release was
extremely slow [17]. Using the decrease in absorbance in the absence of the sTFR and the
steady-state tryptophan fluorescence format in the presence of the sTFR, we reported that
the D634A mutant had the slowest rate of iron release compared to the other mutants K534A
and R632A. More recently, kinetic analysis with the stopped-flow spectrofluorometer
reveals that iron release from the D634A FeChTF construct (± sTFR) is so fast that we
missed it completely in the earlier study (Fig. 3B). Notably, in the absence of the sTFR, the
D634A FeChTF mutant releases iron very rapidly (Fig. 3A, ~83-fold faster than the FeChTF
control). Of interest, the rate of the conformational change normally following iron release
in the FeChTF construct is unaffected in the D634A FeChTF mutant (Fig. 3B). In the
presence of the sTFR, both the rate for the conformational change and iron release are
affected. The rate of iron release is increased only 2-fold by the mutation (as opposed to
~83-fold in the absence of the sTFR) and the preceding conformational change is increased
~5-fold. It is now clear from the stopped-flow data that mutation of Asp634 does not hinder,
but rather accelerates iron release from the C-lobe. The rapid release of iron from the
D634A mutant is consistent with the suggestion that Asp634 stabilizes the interaction
between Lys534 and Arg632.

Using this new stopped-flow iron release assay, kinetic rate laws have been derived for iron
release from all control constructs (± the sTFR) under our standard conditions [62]. With all
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of the proper controls and equations in place we are confident in our ability to extract
accurate kinetic constants that provide important information with regard to the detailed
mechanism of iron release. We are currently in the process of revisiting available mutants
that were evaluated using the steady-state format. Understanding this complex system,
especially with regard to the role of the TFR, is crucial to ultimately discovering how to
manipulate it.

2.4 Iron Release from hTF at Endosomal pH in the Absence of the TFR
As indicated above, it is clear from decades of research that iron release from hTF is
complex and involves a number of factors including pH, anion binding, chelator, lobe-lobe
cooperativity and binding to the TFR. Under pseudo-first order conditions, iron release from
Fe2hTF can occur via two pathways (Fig. 2A) giving rise to four microscopic rate constants,
(k1C, k2N, k1N, and k2C) [49, 71]. The use of diferric locked constructs (LockNhTF and
LockChTF) allows the specific assignment of k1C and k1N, while the use of authentic
monoferric constructs (FeNhTF and FeChTF) allows the specific assignment of k2N and k2C,
respectively. Curve fitting of Fe2hTF shows that in the absence of the sTFR iron release
from the N-lobe is very rapid (17.7 ± 2.2 min−1) and relatively slow from the C-lobe (0.65 ±
0.06 min−1) (Fig. 2B). These data indicate that iron is released from Fe2hTF almost
exclusively (~96% of the time) via the upper pathway (Fig. 2A, k1N→ k2C, solid arrows),
precluding the need to consider the negligible lower pathway (Fig. 2A, k1C→ k2N, broken
arrows) in the analysis of Fe2hTF data. The validity of these values is further supported by
the independent measures of k1N and k2C through analysis of the LockChTF and FeChTF
constructs.

It has long been suggested that cooperativity exists between the two iron binding sites of
hTF. Kinetic analysis of FeNhTF and the isolated N-lobe, along with k1N values obtained
from the Fe2hTF and LockChTF constructs, indicates that the rate of iron release from the N-
lobe (kN) is impacted not only by the presence, but also the iron occupancy of the C-lobe
(Fig 2B). However, in the absence of the TFR the rate of iron release from the C-lobe of
hTF (kC) is obviously unaffected by the presence or iron status of the N-lobe (Fig 2B).
Kinetic cooperativity factors have often been used as a measure of the cooperative effect of
iron release in one lobe on the other lobe [49, 62]. Given as a ratio of k2/k1 of a lobe, a
number greater than one indicates positive cooperativity between the two lobes, whereas a
number equal to or less than one indicates a lack of cooperativity. The kinetic cooperativity
figures based on these determined kinetic values (k2N/k1N = 24.8/17.9 = 1.4 and k2C/k1C =
0.79/072 = 1.1) indicate that iron release from the N-lobe is accelerated by the absence of
iron in the C-lobe as well as by the complete absence of the C-lobe, whereas iron occupancy
of the N-lobe has little affect on the kinetics of iron release from the C-lobe.

Intrinsic tryptophan fluorescence allows monitoring of not only iron release rates from hTF,
but conformational changes as well. Two conformational changes (CC1 and CC2) are
observed following iron release from the two locked constructs (LockNhTF and LockChTF),
the N-lobe and FeNhTF, whereas only one conformational change is observed following iron
release from the C-lobe and FeChTF constructs. These conformational changes have been
ascribed to structural changes that occur in hTF to adopt the final apo conformation
following iron release [62]. Interestingly, inclusion of the rates for the conformational
changes observed in the monoferric constructs does not significantly affect the rate obtained
during the analysis of Fe2hTF data and therefore are excluded as detailed in the
Supplementary Data of reference [62].

Clearly, a complex relationship exists between anion binding to KISAB sites and iron
release from hTF. At pH 5.6, anion concentration most dramatically affects the rate of iron
release from the N-lobe (increasing it ~4-fold from 50-600 mM [Cl−]) in the absence of the
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TFR [62, 72], while the rate of iron release from the C-lobe is relatively unaffected [62].
Recently, the first authentic KISAB site in the N-lobe, residue Arg143, was definitively
identified [72]. Mutation of Arg143 to alanine completely eliminates iron release from the
N-lobe of hTF at all tested [Cl−] (50-600 mM) in the absence of the TFR and may (at least
in part) account for the salt sensitivity of iron release from the N-lobe of hTF. Additionally,
mutation of residue Lys569 in the Fe2hTF background was previously found to slow iron
release by 15-20 fold and inhibit chloride enhancement of iron release from the C-lobe [73].
Therefore, Lys569 was deemed essential for iron release from the C-lobe of hTF and
putatively identified as a KISAB site. However, using our standard conditions, our kinetic
data shows that mutation of Lys569 to alanine (K569A) has little effect on the rate of iron
release from Fe2hTF in the absence (Fe2hTF k2C = 0.65 ± 0.06 min−1 versus K569A Fe2hTF
k2C = 0.56 ± 0.06 min−1) or presence of the sTFR (Fe2hTF/sTFR k1C = 5.5 ± 0.9 min−1

versus K569A Fe2hTF/sTFR k1C = 6.6 ± 0.8 min−1, previously unpublished data). These
data coincide with the finding that the rate of iron release from the C-lobe is relatively
unaffected by anion concentration. The discrepancy between more recent and previously
published data again highlights the limitations of the steady-state tryptophan fluorescence
technique of earlier work.

2.5 Iron Release from hTF/sTFR Complex at Endosomal pH
The TFR plays an integral role in physiologic iron release from hTF. Therefore, although
more complex, it is critical that iron release from hTF also be monitored in the presence of
the TFR. Corroborating previous findings [11, 49], under our standard conditions, the
presence of the sTFR induces a switch in the order of iron release, such that iron is
preferentially removed from the C-lobe first followed by the N-lobe (Fig. 2C, k1C → k2N)
[62]. However, the fits indicate that this is not the case 100% of the time. The upper
pathway (k1N → k2C) is reduced from 96% in the absence of the sTFR to 35% in the
presence of the sTFR. Thus, it is clear that both pathways are physiologically relevant and
must be included in the fits of Fe2hTF/sTFR complex (Fig. 2C). In order to limit the number
of variables while analyzing Fe2hTF/sTFR complex kinetic data, the values for the upper
pathway (k1N and k2C) are held constant based on kinetic values obtained from the
LockChTF/sTFR and FeChTF/sTFR complexes (Fig. 2D). Again, the values obtained for the
lower pathway from the LockNhTF/sTFR and FeNhTF/sTFR complexes (k1C = 5.0 ± 1.6 and
k2N = 1.7 ± 0.6) corroborate the validity of the Fe2hTF/sTFR complex analysis (Fig. 2D).

The TFR has previously been shown to enhance the rate of iron release from the C-lobe of
hTF [11]. Under our standard conditions, the sTFR enhances iron release from the C-lobe by
~7-11 fold (k1C, complex/ k1C, alone and k2C, complex/ k2C, alone) and retards iron release from
the N-lobe by 6-15 fold (k1N, complex/ k1N, alone and k2N, complex/ k2N, alone) (Fig. 2B and 2D)
[62]. Thus, not only does binding to the sTFR switch the order of iron release from hTF, but
also makes the rates of iron release from the two lobes more equivalent than in the absence
of the sTFR. Because the TFR serves to balance the rates of iron release from the lobes of
hTF the calculated cooperativity factors of each lobe are much different in the presence of
the sTFR (N-lobealone = 1.4 versus N-lobecomplex = 0.61 and C-lobealone = 1.1 versus C-
lobecomplex =1.5) [62]. Therefore, in the presence of the sTFR, the rate of iron release from
the C-lobe is slowed by the presence of iron in the N-lobe, while for the N-lobe the reverse
is true where iron occupancy in the C-lobe accelerates iron release from the N-lobe.

As stated above, intrinsic tryptophan fluorescence allows not only iron release rates from
hTF/sTFR complexes to be monitored, but conformational changes as well. Interestingly, a
rapid conformational change with k = 22.0 min−1 or 20.6 min−1 is observed before iron
release in both monoferric complexes FeNhTF/sTFR and FeChTF/sTFR, respectively (Fig.
2D). Conversely, a slow conformational change (k = 1.1 min−1 or 1.6 min−1) is observed
after iron release in both locked complexes (LockNhTF/sTFR and LockChTF/sTFR) (Fig.
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2D). The similar values of these conformational changes in the monoferric and locked
complexes, respectively, suggest that these may represent the same conformational change
in the hTF molecule or a similar conformational change in each lobe of hTF. Obviously
further study is required to establish the exact nature and origin of these conformational
changes.

A critical component to the endocytic cycle and iron delivery by hTF is endosomal pH
(~5.6). Based on the inflection point of a pH titration, iron release from the FeChTF/TFR
complex titrates with an apparent pKa of ~5.8-5.9 [69]. This value is strikingly similar to the
pKa of histidine residues. As previously mentioned, residue His349 in the C-lobe of hTF has
been a residue of particular interest for some time [70]. Interestingly, mutation of His349 to
alanine or lysine completely abolishes the pH dependence of iron release from the FeChTF/
sTFR complex [69]. This led to the proposal that His349 must act as a pH-inducible switch
that accelerates iron release from the C-lobe of hTF. More recently, the effect of the H349A
mutation in the Fe2hTF background has been investigated. Curiously, H349A Fe2hTF/sTFR
complex displays three kinetic rates. The first rate (k1 = 23.7 ± 4.6 min−1) has been ascribed
to a rapid conformational change that is again very similar to the conformational change
observed in both monoferric complexes (Fig. 2B). Iron release from the H349A Fe2hTF/
sTFR complex follows only the upper pathway (k1N → k2C) and the rate of iron release from
the N-lobe is about doubled (k1N = 6.7 ± 0.3 min−1) compared to the Fe2hTF/sTFR complex
(k1N = 2.8 ± 0.8 min−1). Interestingly, iron release from the C-lobe of the H349A Fe2hTF/
sTFR complex is greatly retarded (k2C = 0.61 ± 0.02 min−1) such that the effect of receptor
stimulation on iron release from the C-lobe is completely abrogated in the presence of the
H349A mutation (unpublished results).

In contrast to the findings of Egan et al. [27], at pH 5.6 the effect of anion concentration on
iron release from hTF in the presence of the sTFR is significantly muted [62]. Therefore,
although salt slightly accelerates iron removal from the hTF/TFR complex at pH 5.6, the
overriding kinetic effect of the TFR on iron release appears to outweigh any kinetic anion
effects. In accordance with these findings [62], the effect of the Arg143 mutation (described
above) is largely abolished in the presence of the TFR [72].

3. Conclusions
Our use of recombinant constructs has, for the first time, provided access to discrete steps in
the pathway of iron removal from Fe2hTF to apohTF. Crucially, measurements in the
absence and presence of the recombinant sTFR under identical experimental conditions
highlight the definitive role of the TFR in the process of iron release from hTF. Given this
comprehensive kinetic scheme, we are now well positioned to evaluate the contribution of
individual residues in both hTF and the sTFR to the mechanism. Future studies must address
in a detailed manner how the Fe3+ released from hTF within the endosome is distributed
within the cell.
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1 Abbreviations

hTF human serum transferrin

TFR transferrin receptor

Fe2hTF diferric hTF

FeNhTF hTF with iron bound only in the N-lobe

FeChTF hTF with iron bound only in the C-lobe

LockNhTF Fe2hTF that cannot release iron from the N-lobe

LockChTF Fe2hTF that cannot release iron from the C-lobe

sTFR soluble portion of the TFR

KISAB kinetically significant anion binding

LMCT ligand to metal charge transfer
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Highlights

• Because the interaction of transferrin with the receptor controls iron distribution,
an understanding of this process essential.

• The transferrin receptor modulates iron release from the N- and C-lobes of
human serum transferrin.

• The transferrin receptor balances the rate of iron release from each lobe,
resulting in efficient Fe3+ release from transferrin.
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Figure 1.
Endocytic hTF/TFR cycle. Iron bound hTF (green) in the blood binds to the specific TFR
(purple) with nM affinity at the cell surface (pH 7.4). The hTF/TFR complex is endocytosed
in a clathrin-coated pit. Within the endosome, the pH is lowered to ~5.6 causing iron to be
released from hTF to an, as yet, unidentified chelator. Fe3+ is reduced to Fe2+ by the
ferrireductase Steap3 (yellow) within the endosome. The Fe2+ can then be transported out of
the endosome via the divalent metal transporter DMT1 (blue) for use throughout the cell.
The apohTF remains tightly bound to the TFR at pH 5.6 and is recycled back to the cell
surface. Upon exposure to the slightly basic pH (7.4), apohTF is released or displaced from
the TFR and free to bind more Fe3+.
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Figure 2.
Kinetics of iron release at pH 5.6 from hTF ± sTFR. (A) Iron release in the absence of the
sTFR. The primary pathway of iron release is indicated as solid arrows while the alternative
pathway is indicated as broken arrows. Specific constructs used to isolate the rates are
indicated by the arrows. (B) Rates of iron release from various hTF constructs. Rates of iron
release from the N-lobe are highlighted in blue (differing shades are utilized to highlight the
cooperativity of the N-lobe). Conformational changes (CC1 and CC2) that occur following
iron release are also reported. (C) Iron release in the presence of the sTFR. (D) Rates of iron
release from hTF/sTFR complexes. As previously reported [62], all values are rate constants
± errors at the 95% confidence interval and are averages of multiple kinetic runs. *k1N and
k2C are held fixed at the values for LockChTF and FeChTF, respectively, during fitting of
Fe2hTF/sTFR data.
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Figure 3.
Effects on iron release when Asp634 is mutated to alanine. (A) Normalized iron release
curve from the D634A FeChTF mutant (black line) and fit (red line). The residuals are
indicated (green). (B) Values for iron release and conformational changes are reported as
averages ± 95% confidence intervals. * From [62]. † From [17]. ‡ Previously unpublished
results. § Measurements were carried out using a Varian Cary 100 dual beam
spectrophotometer (Cary), a Photon Technology International QuantaMaster (PTI)
spectrofluorometer, or an Applied Photophysics (AP) SX.18MV stopped-flow
spectrofluorometer as indicated.
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