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Transferrins are a family of bilobal iron-binding proteins that play the
crucial role of binding ferric iron and keeping it in solution, thereby
controlling the levels of this important metal. Human serum transferrin
(hTF) carries one iron in each of two similar lobes. Understanding the
detailed mechanism of iron release from each lobe of hTF during receptor-
mediated endocytosis has been extremely challenging because of the active
participation of the transferrin receptor (TFR), salt, a chelator, lobe-lobe
interactions, and the low pH within the endosome. Our use of authentic
monoferric hTF (unable to bind iron in one lobe) or diferric hTF (with iron
locked in one lobe) provided distinct kinetic end points, allowing us to
bypass many of the previous difficulties. The capture and unambiguous
assignment of all kinetic events associated with iron release by stopped-flow
spectrofluorimetry, in the presence and in the absence of the TFR,
unequivocally establish the decisive role of the TFR in promoting efficient
and balanced iron release from both lobes of hTF during one endocytic cycle.
For the first time, the four microscopic rate constants required to accurately
describe the kinetics of iron removal are reported for hTF with and without
the TFR. Specifically, at pH 5.6, the TFR enhances the rate of iron release
from the C-lobe (7-fold to 11-fold) and slows the rate of iron release from the
N-lobe (6-fold to 15-fold), making them more equivalent and producing an
increase in the net rate of iron removal from Fe,hTF. Calculated
cooperativity factors, in addition to plots of time-dependent species
distributions in the absence and in the presence of the TFR, clearly illustrate
the differences. Accurate rate constants for the pH and salt-induced
conformational changes in each lobe precisely delineate how delivery of
iron within the physiologically relevant time frame of 2 min might be
accomplished.

© 2009 Elsevier Ltd. All rights reserved.
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TER, transferrin receptor; apohTF, iron-free transferrin;
sTFR, soluble portion of the transferrin receptor; Mes,
4-morpholineethanesulfonic acid; EDTA,
ethylenediaminetetraacetic acid, DMEM-F12, Dulbecco’s
modified Eagle’s medium-Ham F-12 nutrient mixture;
UG, Ultroser G; BHK, baby hamster kidney; KISAB,
kinetically significant anion binding.

Human serum transferrin (hTF)' is a bilobal
ferric-iron-binding glycoprotein. The nearly homo-
logous N-lobe and C-lobe are connected by a short
peptide linker and are further divided into two
subdomains (NI/NII and CI/CII). The subdomains
come together to form an iron binding cleft within
each lobe."” Diferric hTF preferentially binds to
specific transferrin receptors (TFRs) on the cell
surface at neutral pH.” The complex undergoes
clathrin-dependent receptor-mediated endocytosis
during which the clathrin-coated pit fuses with an
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endocytic vesicle. The pH within the endosome is
lowered to ~5.6, resulting in protonation of the
synergistic carbonate anion and iron binding
residues, which, in turn, loosens the cleft and
facilitates iron release to an as yet unidentified
chelator. At the low pH within the endosome, iron-
free transferrin (apohTF) remains bound to the TFR
and is recycled back to the cell surface. Upon
exposure to the pH of serum (~7.4), the complex
dissociates, and released apohTF is free to bind
more iron and to repeat the cycle. Entry of hTF into
the cell, removal of iron from hTF, and return to the
surface are completed in ~2-3 min.*° Because
ferrous iron is transported out of the endosome by a
divalent metal transporter, DMT1, there is a
requirement for reduction of ferric iron (Fe®").°
Discovery of a ferrireductase (Steap3) residing in
the membrane of the endosome provided a means
for accomplishing the reduction.” While the TFR is
known to influence the redox potential of iron
bound to hTF,® the weight of evidence indicates
that Fe®* is first released from diferric hTF and is
then reduced by Steap3.’

Ferric iron is coordinated in a near-octahedral
geometry by identical ligands in each lobe of hTF:
two tyrosines, one histidine, one aspartic acid, and
two oxygens from the synergistic carbonate anion,
which, in turn, is anchored to a highly conserved
arginine residue.'® Although the iron binding
ligands are identical, the precise steps leading to
iron release from each lobe differ due largely to
differences in “second-shell” residues that do not
directly coordinate the iron but participate in an
extended and intricate hydrogen-bonding network
with the primary ligands.'-13

Two lysine residues lie on opposite sides of the
iron binding cleft—Lys206 in the NI subdomain and
Lys296 in the NI subdomain—and are 3.04 A apart in
the iron-bound isolated hTF N-lobe structure and 9 A
apart in the apo structure of this lobe; these residues
comprise the “dilysine trigger.”'*'* They share a
hydrogen bond at neutral pH that is protonated at
low pH and literally triggers the opening of the cleft.
In the C-lobe, Lys534 (in the CII subdomain) and
Arg632 (in the CI subdomain) are found in positions
homologous to those of Lys206 and Lys296,
respectively.'* Mutation of Lys206 to glutamate in
the N-lobe or mutation of Arg632 to alanine in the
C-lobe to form LockyhTF [recombinant diferric hTF
that contains an N-terminal hexa-His tag and is
nonglycosylated (mutation K206E locks iron in the
N-lobe)] and LockchTF [recombinant diferric hTF
that contains an N-terminal hexa-His tag and is
nonglycosylated (mutation R632A locks iron in the
C-lobe)] constructs, respectively, completely pre-
vents iron release from that lobe on a relevant
timescale and allows targeted measurement of iron
release from the opposite lobe.'>"”

It is well established that the presence of salt
affects the iron release properties of each lobe of
hTFE."® In fact, iron release requires binding of a
nonchelating anion, such as Cl, to an anion binding
site that is distinct from the synergistic anion

binding site. Specifically, it has been suggested
that residues termed KISAB (kinetically significant
anion binding) sites exist in each lobe of hTF." To
exert an effect, such anions must bind to a site (or to
multiple sites) on the iron-loaded closed form of
hTF. Ideally, the anion binding effect should also be
pH sensitive; at neutral pH, it would exert a
negative or retarding effect on iron release because
it is highly desirable to retain iron until delivery
within the endosome. Once iron is removed, anions
may play a different role in which they bind to and
stabilize the open conformation. This suggestion is
substantiated by identification of sulfate binding
sites in the N-lobe that are inaccessible in the iron-
bound N-lobe; therefore, anions cannot exert any
effect on them until the iron is removed.***'

The rate of iron release from hTF can be measured
by an increase in the intrinsic Trp fluorescence (with
a small contribution from Tyr residues) that occurs
upon iron removal. hTF has eight Trp residues: three
in the N-lobe and five in the C-lobe. Ferric iron
within each binding cleft strongly quenches Trp
fluorescence through radiationless transfer of elec-
tronic excited-state energy.” This energy is trans-
ferred via a Tyr-to-Fe®" charge transfer absorption
band at 470 nm,** which overlaps the Trp fluores-
cence emission band. Additionally, the charge
transfer band results in a disruption of the m-to-mx
transition energy of the liganding Tyr residues,
leading to an increase in the UV absorbance over-
lapping the intrinsic Trp fluorescence.”” The de-
crease in absorbance (at 470 nm) or the increase in
fluorescence signal has been utilized to derive rate
constants associated with the iron release process.
The recovery of the intrinsic fluorescence signal
from Trp (and, to a much smaller extent, Tyr) can be
monitored as iron is removed from hTF. Addition-
ally, the large conformational changes associated
with iron removal impact specific Trp residues that
are very sensitive to alterations in their local en-
vironment.”*** Thus, the increase in the intrinsic Trp
signal is ascribed to a combination of unquenching
by loss of iron, triggering the large conformational
changes in hTF and more localized changes in the
immediate environment of the Trp residues. Recent
studies from our laboratory have determined the
contributions of the individual Trp residues in each
lobe to the iron release signal,2>?” with no contri-
bution from the 22 Trp residues in the dimer of the
soluble portion of the transferrin receptor (sTFR;
residues 121-760, expressed as a recombinant entity
that contains an N-terminal hexa-His tag).*®

Early studies by Bali et al.* and Bali and Aisen
provided the first insights into the mechanistic role of
TFR in iron removal from diferric hTF. A time-based
steady-state fluorescence approach to monitoring
iron release using the increase in the intrinsic Trp
fluorescence from hTF was pioneered by the Aisen
laboratory.3? In their series of kinetic studies, iron
release to the chelator pyrophosphate was measured
with monoferric N-lobe and monoferric C-lobe,
diferric, and mixed-metal transferrins, with kineti-
cally inert Co®" introduced into one lobe and with
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Fe®" introduced into the other lobe of the protein.
Experiments were performed in the presence or in
the absence of full-length TFR isolated from placenta
and solubilized at pH 5.6 using detergent micelles.
Despite the technical challenges of this work
(assuring that the metal was in the assigned lobe
and remained there during the experiment, the low
yield of TER from the placenta, the requirement of
detergent for its solubilization, and the instability of
TER at pH 5.6), the authors were able to conclude
that, in the absence of the TFR, iron is released from
the N-lobe, followed by the C-lobe, and that binding
to the TFR induced a switch in this order.”*' Tron
release from both lobes was observed to occur at
comparable rates on the seconds timescale.

More recently, el Hage Chahine and Pakdaman®
and Hemadi et al.** carried out pH jump chemical
relaxation studies at 4.3 < pH < 6.5 in which iron was
removed from diferric and monoferric C-lobe
transferrins using acetate as competing ligand in
the presence and in the absence of detergent-
solubilized TFR from placenta. Contrary to the
findings of the Aisen laboratory, it was concluded
that iron is preferentially removed from the N-lobe
in both instances. Moreover, in the presence of the
receptor, a rapid kinetic event on a milliseconds
timescale was assigned to removal of iron from the
N-lobe, whereas a much slower kinetic event on a
seconds timescale was assigned to removal of iron
from the C-lobe.

In the present work, we have addressed these
issues by exploiting recombinant technology, in-
cluding site-directed mutagenesis, to produce
Fe,hTF (recombinant diferric hTF that contains an
N-terminal hexa-Histag and is nonglycosylated),
authentic monoferric constructs {in which iron can
bind in only one lobe or the other: FexhTF
[recombinant monoferric N-lobe hTF (mutations
Y426F and Y517F preclude iron binding in the C-
lobe) that contains an N-terminal hexa-His tag and
is nonglycosylated] and FechTF [recombinant
monoferric C-lobe hTF (mutations Y95F and
Y188F preclude iron binding in the N-lobe) that
contains an N-terminal hexa-His tag and is non-
glycosylated]} and diferric locked constructs (in
which iron can be removed from only one lobe or
the other: LocknyhTF and LockchTF), as well as the
sTFR (eliminating the need for detergent), to allow
an unambiguous assignment of events related to
iron release from hTF. The use of a sensitive
stopped-flow spectrofluorimeter has provided
data with a high signal-to-noise ratio, allowing the
observation of early kinetic events not previously
detected using the less sensitive steady-state for-
mat. Precise fitting of progress curves was achieved
with equations describing the kinetic processes
occurring during iron removal. In addition to iron
release, we were able to assign rate constants to
conformational changes within the individual lobes
of hTF, to interactions with the sTFR, and to salt
effects. Building on our recent qualitative study of
iron release from these constructs and a model
presented for iron release from Fe,hTF in the

absence of the sTFR,"” we now present a compre-
hensive model for iron release from Fe,hTF in the
presence of the sTFR that more fully describes this
complicated system. We provide accurate rate
constants and irrefutable evidence that a critical
role of the sTFR is to balance the rates of iron
release from both lobes so that removal from
Fe;hTF occurs efficiently during one cycle of
endocytosis. We also offer a compelling argument
for why hTF is bilobal. Although our findings are in
general accord with the early studies of Bali et al.*’
and Bali and Aisen,”,”! they are more comprehen-
sive and provide valuable new insights into this
complex system.

Results and Discussion

Kinetic curves

The normalized kinetic curves for each authentic
monoferric and locked construct at pH 5.6 under
our “standard conditions” [100 mM 4-morpholine-
ethanesulfonic acid (Mes; pH 5.6), 300 mM KCl, and
4 mM ethylenediaminetetraacetic acid (EDTA)] are
overlaid with the curve for iron release from
Fe,hTE+sTFR (Fig. 1). These conditions were
chosen to simulate the putative endosomal pH.
Because it is well established that salt affects the
process, we arbitrarily chose a salt concentration
(although, as detailed below, we assessed the effect
of different concentrations of salt on the kinetic
process). The chelator EDTA was chosen due to its
stability and affinity for ferric iron at pH 5.6. A single
concentration of EDTA was selected to provide a
large excess, allowing us to maintain pseudo-first-
order conditions in all experiments. It is important to
remember that we are monitoring the increase in the
intrinsic Trp fluorescence signal upon iron release
and that both the unquenching of Trp residues as a
result of iron removal and changes in the local
environment of the three Trp residues in the N-lobe
and of the five Trp residues in the C-lobe are
observed. In fact, we have shown that only Trp128
and Trp264 in the N-lobe make significant contribu-
tions to the sigrlal.26 Likewise, in the C-lobe, the
contributions are not uniform, with Trp460 in the
cleft being the major contributor to the fluorescent
signal.”” Although the sTFR does not contribute to
the change in the fluorescent signal upon release of
Fe’" from hTF, binding of hTF to the sSTFR results ina
significant decrease in the magnitude of the signal.®

As shown in Fig. 1, there are striking differences
with regard to the shapes of the kinetic curves and
their time courses for completion. Of great interest is
the effect that the sTFR has on the iron release
process (Fig. 1a and b versus Fig. 1c and d). Although
significant differences are obvious simply from a
visual comparison of the progress curves for the
various constructs, quantitative information can
only be derived from an accurate fitting of the
data, as detailed below.
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Fig. 1. Representative normalized stopped-flow fluorescence iron release progress curves in the presence and in the
absence of the sTFR. (a) Overlay of FexhTF, FechTF, and Fe;hTF. (b) Overlay of LockyhTF, LockchTF, and Fe;hTF. (c)
Overlay of FexhTF/sTER, FechTF/sTFR, and Fe,hTF/sTER. (d) Overlay of LocknhTF/sTFR, LockchTF/sTER, and
Fe,hTF/STFR. In each experiment, one syringe contained protein (375 nM) in 300 mM KCl and the other contained iron
removal buffer [200 mM Mes (pH 5.6), 300 mM KCI, and 8 mM EDTA]. Samples were excited at 280 nm, and emission was
monitored using a 320-nm cut-on filter; the temperature was set at 25 °C.

Kinetic scheme

As established many years ago,”’” the stepwise
removal of iron from Fe,hTF to form monoferric
transferrins and apohTF (in the absence and in the
presence of the sTFR) depends on four microscopic
rate constants kin, kic, kon, and kac, according to
Scheme 1. Expressions have been developed for the
time dependence of the concentrations of all four
species and for the fluorescence intensity change
measured in the stopped-flow experiments. Equa-
tions (1)-(4) in Table 1 represent the final integrated
rate laws for the concentrations of Fe,hTF, FechTF,
FenhTF, and apohTF as a function of time, where
[Fe>hTF] is the initial concentration of FeohTF. The
derivation of these equations is provided in Supple-
mental Data. Substitution of the concentrations [Egs.
(2), (3), and (4)] into Eq. (5) (Table 1) provides the
final kinetic expression for the change in fluores-
cence intensity as iron is removed.

FechTF

k,
Fe,hTF

FeyhTF

apohTF

Scheme 1. Pathways of iron release from diferric hTF
in the absence of the TFR.

Additionally, the kinetics of the constructs utilized
to isolate kin (LockchTF), kic (LocknhTEF), kon
(FenhTF), and kpc (FechTF) were fitted to standard
consecutive reaction models (A—B, A—-B—C, or
A—B—C—D), as detailed in Supplemental Data,
where examples of curve fitting of the data are also
provided (Figs. S1-S3).

Kinetic assessment of iron release and
conformational changes (no sTFR)

The rate constants presented in Fig. 2a are based
on an analysis of the curves in Fig. 1a and b and are
summarized in Table Sla. By using authentic locked
and monoferric constructs (indicated below the
arrows) along with the Fe,hTF data, we can
specifically assign the rate constants kin, ko, kic,
and kyc for each iron removal step, as well as rate
constants reflecting conformational changes. The
assignment of rate constants to iron removal steps is
predicated on the reasonable assumption that they
should have very similar values for a given lobe of
the diferric, monoferric, and locked constructs. In no
case is the assignment ambiguous when this
criterion is applied (see Table Sla and b).

In the absence of the sTFR, curve fitting of the
Fe,hTF data indicates that iron is almost exclusivelly
released first from the N-lobe (k;n=17.7+2.2 min ")
and then slowly from the C-lobe (kyc=0.65+
0.06 min™"); that is, ~96% ( = % x 100) of the
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Table 1. Integrated rate equations

[Fe,hTF]=[Fe;hTF] e~ (kv * kic)t (1)

[FechTF] =

[FenhTF] =

k]N [FethF]o
koc = kan — kac

k] C [FethF] 0
kZN - klN - le

(e’(km + ko)t _ e’kch> (2)

(e—<km + ki)t _ e—mz) 3)

kin kic ) ki + e kin e kic _
apohTF]=[Fe;hTF],3 1—( 1 + + elnrhot o N ethety & ekt
[ap |=[Fe. ]0{ ( koc —kin —kic  kon — kN — kic koc —kin — ki kon = kin — ic
(4)
F(t) = Fc[FechTF] + Fn[FenhTF] + Fapo[apohTF] (5)

The change in fluorescence intensity F(t) as a function of time is related to the time-dependent concentrations through Eq. (5), in which F¢,
Fn, and F,p, are the molar fluorescence intensity constants for monoferric hTFs and apohTF, respectively.

iron is removed from the diferric protein through the
upper kinetic pathway of Fig. 2a. [Note that
inclusion of the rate constants for conformational
transitions in fitting equations for the kinetic data for
Fe,hTF does not result in any significant changes in
the values obtained for the rate constants kqn and kyc
(Supplemental Data).]

(a) hTF

FechTF

K, =kpy=17.9+ 3.1 (min )
k,= 2.1 1.0 (min ") &
ky=0.26 £ 0.14 (min 1) /¢

The above assignment of rate constants for
FeohTF is confirmed by an analysis of the data
from the LockchTF and FechTF constructs, which
provide independent measures of kjn and kxc,
respectively. The LockchTF data best fit an
A—B—-C—D model, g1v1ng three rate constants
ki=kin=17.9+ 3.1 min ' (versus kin=17.7 min *

N\ Ky = kpe=0.79 % 0.11 (min )
AN ko= 1.9 0.5 (min 1)

Nk =17.7 £2.2 (min )
Fe,hTF_, ApohTF
~ o, Ky =0.65 +0.06 (min 1) P
k,=k,o=072+017 (min-1) ™ %& e§<\// k, = kjy =24.8 + 3.2 (min 1)
k, = 1.8 £0.26 (min 1) Fie <, k,=5.8%1.2 (min ")
* FeyhTF”
ky=0.13 +£0.05 (min 1) ey ky=1.1+0.1(min ")

(b)

k= kyy=2.8 £ 0.8 (min 1)
kp=1.6 £ 1.2 (min 1)

L
Oc-k };;-F
k;=k;c=5.0+%1.6 (min ")

k,=1.1%0.3 (min"")

FechTF

k.o =5.5+ 0.9 (min)
Koy = 1.4 +0.2 (min')
k;y = 2.8 (min -")-constant <%
koo =7.2 (min - >

FeyhTF

k,=20.6 +1.2 (min ")
ky= kpe=T7.2 + 0.4 (min ")

")-constant k,=22.0+0.7 (min 1)

ky= Koy = 1.7 £ 0.6 (min 1)

Fig. 2. Pathways of iron release+sTFR. (a) Iron release pathways of Fe;hTF in the absence (b) and in the presence of
sTFR. The primary pathways taken are indicated by continuous black arrows; the alternative pathway is indicated by
broken black arrows. The specific construct used to isolate the rate constants is indicated below the arrows. Rate
constants=errors at the 95% confidence level from multiple kinetic runs were obtained from the curve fitting of the data
to models descrlbed in the text and in Supplemental Data and are indicated for each construct. In (b), kyn (=2.8 min ')
and ke (=7.2 min~ ') were held fixed at the values for LockchTF and FechTF, respectively, during fitting of the Fe,hTF/

sTFR data (see Supplemental Data).
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for Fe,hTF), ky;=2.1+1.0 min !, and k;=0.26+
0.14 min~!, with the first assigned to iron release
from the N-lobe and with the latter two assigned to
sequential conformational changes within the N-
lobe, ultimately leading to its final open apo
conformation. Similar conformational changes are
also observed for the N-lobe of FexyhTF and the
isolated N-lobe (see the text below). The kinetics for
FechTF fit an A—B—C model, with k;=k,c=0.79+
0.11 min "' for iron release (versus kyc=0.65 min " * for
Fe,hTF) and one additional C-lobe event (k,=1.9+
0.5) ascribed to a structural adjustment to the final
apo conformation, an event also observed with the
C-lobe of LockyhTF and the isolated C-lobe (see the
text below).

The rate constants determined for the LockynhTF
and LockchTF constructs provide further convincing
support for the proposed order of iron release. If the
alternative (lower) pathway (Fig. 2a, broken black
arrows) were followed, then the rate constant k;c for
iron release from the C-lobe of LocknhTF would have
been faster than the rate constant kqy; for iron release
from the N-lobe of LockChTF but the oppos1te was
true (kyc=0.72 min”~ ! versus kin=17.9 min ).

The LockyhTF data were fitted to the A—
B—C—D model, providing three rate constants
with the first being k; =k;c=0.72+0.17 min_ ', which
corresponds very well to the rate of i iron release from
FechTF (k;=kyc=0. 79iO 11 min ') and Fe,hTF
(koc=0.65+0.06 min ). Similar to LockchTF, iron
release from the C-lobe of LockyhTEF is followed bX
two conformational events with k,=1.8+0.26 min
and k3=0.13+0.05 min . We note that the rate
constants corresponding to these conformational
events have similar values in both LockyhTF and
LockchTF, namely, ky=1.8 min ! and k3=0.13 min '
versus ky=2.1 min ' and k3=0.26 min

The kinetic data for FeyxhTF indicate an initial fast
step corresponding to iron release from the N-lobe
(k1 =kn=24.8+3.2 min '), followed by two slower
conformational events within the N-lobe (k,=5.8+
1.2min ' and k3=1.1+0.1 min " '). The rates of the final
conformational change to the apo conformation are
similar for the two monoferric constructs FeyhTF and
FechTF (i.e., k3=1.1+£0.1 min~

To further solidify the assignments and to
elucidate the contribution of the lobe-lobe inter-
action to kinetics, we determined the rate constants
for the isolated N-lobe and C-lobe (i.e., the two half-
molecules of hTF). Data from the isolated N-lobe fit
best to the A—B— C— D model, yielding three rate
constants, with the first k;=kn=53.7£3.3 corres-
ponding to iron removal and with the other two,
ky=72+1.1 min ' and k3=1.2+0.6 min ', corres-
ponding to conformational events, as previously
noted for the N-lobes of FejdhTF and LockchTF, with
the last event being the transition to the final apo N-
lobe conformation. In contrast, data from the
isolated C-lobe fit best to the A—B—C model,
yielding two rate constants k; =kc=0.87+0.10 min™ '
and k,=1.8+0.6 min "' Wthh are essentlally 1den—
tical with k; :kZC:O.79 min ! and k,=1.9 min ! for
the C-lobe of FechTF.

! versus 1.9+ 0.5 min ).

As previously discussed, % jron release from the
N-lobe is substantially faster than iron release from
the C-lobe (kn=53.7 min~ ' versus kc=0.87 min 1).
Additionally, comparison of the rate of iron release
from the isolated N-lobe to that from the full-length
constructs reveals that the presence of the C-lobe
substantially slows (3-fold) the rate of iron release
from the N-lobe (kny=53.7 min ! versus kin=
17.9 min'). In contrast, the rate constant for iron
release from the C-lobe is essentially the same in the
presence or in the absence of the N-lobe (kc=
0.87 min ™ ! versus kyc=0.72 min ). This observation
is in agreement with our previous qualitative data,
which showed that iron release from the N-lobe in
the absence of the receptor was impacted by the
conformation of the C-lobe, whereas iron release
from the C-lobe was not affected by the conforma-
tion of the N-lobe.?” The kinetic cooperativity factors
kZN/klN 24. 8/17 9=14 and kzc/klc 0. 79/0 72=
1.1, which reflect the effect of the occupancy of the
other lobe on the rate constant, also substantiate this
assertion. These factors indicate that iron is removed
more quickly from the N-lobe when the C-lobe is
unoccupied, whereas occupancy of the N-lobe has
little effect on the rate of iron release from the C-lobe.

Kinetic assessment of iron release and
conformational changes from
hTF/sTFR complexes

The rate constants presented in Fig. 2b are based
on an analysis of the curves in Fig. 1c and d and are
summarized in Table S1b. Their assignments follow
a rationale similar to that presented above. Com-
plete details are provided in the Supplemental Data.

Under our standard conditions, the kinetic data for
iron release support previous work showing that the
sTFR induces a switch in the order of iron release,
such that the C-lobe preferentially releases its iron,
followed by the N-lobe (Fig. 2b, lower pathway).*"*!
However, although analysis of the data in Fig. 2b
corroborates this assertion, the situation is more
complex. Thus, the fits indicate that iron release
through the upper pathway of Fig. 2b is reduced from
96% in the absence of receptor to approximately 35%
in its presence. Therefore, it is apparent that both the
upper pathway and the lower pathway play impor-
tant roles in the efficient removal of iron from Fe,hTF
in the presence of sTFR.

Based on the data for LockyhTF and FechTF, an
~7-fold to 11-fold increase in the rate constant for iron
release from the C-lobe is observed in the presence of
sTFR (le Complex =5.0 min ! versus kic alone=
0.72 min and 2C, complex =72 Min L versus kzc alone =
0.79 min ). Furthermore, based on the LockchTF
and FenhTF data, there is a 6-fold to 15-fold decrease in
the rate constant for iron release from the N-lobe upon
binding of hTF to the sTFR (k1N complex=2.8 min !
versus kin alone=17.9 min~ and kan complex=1.7 min -1
versus kon alone=24.8 min~ Y. These differences are
completely consistent with the rate constants that
we have determined for iron release from Fe,hTF
(Fig. 2; Table S1) and recently published urea gel
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data showing that binding to the receptor changes
the order of iron release from the two lobes.””
Importantly, the two rate constants for iron release
from each lobe (k;c versus kin and koc versus koy) are
closer to each other in the presence of the sTFR
than in its absence. For example, in the absence of
the sTFR, iron release from the N-lobe is ~25 times
faster (=kinalone/Kic,alone) than iron release from
the C-lobe; however, in the presence of the sTFR,
iron release from the C-lobe is only ~2 times faster
(=k1c,complex/ k1N complex) than that from the N-lobe
and similarly for k,c and kpy;, indicating a leveling
of rates. Thus, because binding to the TFR balances
the rate of iron release from the two lobes, both
pathways become important in the release of iron
from hTF. As indicated by the cooperativity
factors, the cooperativity between the lobes in
iron release is also significantly affected by the
binding to the sTFR [i.e., (kan/kiN)alone=1.4 and
(kZC/le)alone:1~l versus (kZN/klN)compleX:0-61 and
(kac/k1C)complex=1.5]. Therefore, in the presence of
the sTFR, the effect of the occupancy of the C-lobe
on the release of iron from the N-lobe is reversed
from what it was in its absence. Moreover, in the
presence of the sTFR, the occupancy of the N-lobe
retards the rate of iron release from the C-lobe,
whereas in its absence, N-lobe occupancy had little
influence on the kinetics of the C-lobe.

It was previously reported that the TFR has little
effect on iron release from the monoferric N-lobe;*"
however, this earlier study captured only a single
global kinetic event. Subsequently, a small decrease
in the rate of iron release from the N-lobe of hTF,
with Co®" bound in the C-lobe, was reported.” In
our work, even though it appears that k; values from
FenhTF alone and in complex with the sTFR are
equal, as described in Supplemental Data, they can
be confidently assigned to different events (Fig. 2).

Unfortunately, it is not possible to measure iron
release from the isolated lobes bound to the sTFR
because the isolated N-lobe does not bind at all to
the sTFR*’ and the isolated C-lobe binds only
weakly.*’ This is another indication that both lobes
are required to achieve physiologically significant
binding to the sTFR and that this binding tends to
balance iron release from each.

The pronounced effect of the sTFR on iron release
from the Fe;hTF is most clearly appreciated from the
time-dependent species distribution diagrams
shown in Fig. 3. Figure 3a shows the species profile
in the absence of the TFR. Iron is first rapidly lost
from the N-lobe (k;n=17.7 min ') to form FechTF,
which then only slowly releases its iron (kyc=
0.65 min ') in the rate-limiting step to form apohTF.
Little iron (~4%) is released from the C-lobe first
(k1c=0.72 min~ ') to form a small amount of FeyhTF,
which then rapidly decays (kon=24.8 min ') to
apohTF (Fig. 3a). In the absence of the sTFR, the time
for 95% of the iron to be removed from the protein is
4.7 min (Fig. 3a), whereas in its presence, this time is
reduced to 2.0 min (Fig. 3b)—a time well within the
2-3 min required for one cycle of endocytosis.*> The
role of both pathways in the enhanced net rate of

1.04 apohTFi -
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Fig. 3. Species-time distributions in the absence and in
the presence of the sTFR. Distribution curves were
calculated using Egs. (1)—(4) (Table 1), with the following
rate constants: (a) kiy=17.7 min ', k;c=0.72 min }, kon =
248 min !, and kyc=0.65 min '; (b) k;n=2.8 min !},
kic=55min !, kyny=1.4 min !, and kyc=7.2 min ..

iron removal in the Fe,hTF/sTFR complex is further
illustrated inFig. 3b, where the formation and decay
of significant amounts of both FexhTF and FechTF
intermediates in the two pathways are evident.
Findings by Hemadi et al.>* are at variance with
our results and those of Bali and Aisen®’,®! in two
significant ways. As previously noted, Hemadi
et al.*>* reported that iron is released first from the
N-lobe and then from the C-lobe both in the
presence and in the absence of the full-length TFR
and that the rates differ by ~1000-fold when hTF is
bound to TFR. Our results convincingly demon-
strate that, at pH 5.6, the order is reversed such that,
in the presence of the TFR, iron is released first from
the C-lobe and the rates are comparable for the two
lobes. While the use of a detergent micelle employed
to solubilize the full-length TFR from the placenta
precludes a truly direct comparison of their results
with ours, we have nevertheless attempted to find
the origin of the discrepancy by carrying out
stopped-flow measurements with Fe,hTF under
the conditions of their experiments [50 mM acetate
and 200 mM KCl (pH 5.6) at 37 °C] with and without
the sTFR. Significantly, with acetate as the compet-
ing ligand, we find only limited removal of iron
from the protein at pH 5.6 in the absence of sTFR
and essentially no removal in its presence (Fig. S4a
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and b). Only when EDTA is added to the acetate
buffer do we observe a rapid and complete iron
removal. While the experimental protocol of
Hemadi et al.>* may be adequate for iron removal
below a pH of 5, it does not appear to be effective at
stripping iron from the protein at the physiological
pH (pH 5.6) of the endosome. These observations
raise a question as to the relevance of their findings
to ours and those of Egan et al. and argue for the use
of a stronger chelator in these studies.

Salt-induced changes in rate constants

In the absence of the receptor, salt has the most
dramatic effect (~4-fold) on the rate of iron release
(k1) from the N-lobes of Fe,hTF and FenhTF,
increasing the rate constant from ~6 min ' to
~27 min ' (Fig. 4a). More modest changes (<2-
fold) are seen for iron release from the N-lobe of
LockchTF and the isolated N-lobe (Fig. 4a), as well
as from the C-lobe, and for other kinetic events in
both lobes (data not shown). The rate constants for
iron release (k;) from the N-lobe of Fe,hTF, FenhTF,
and LockchTF increase linearly with increasing
concentrations of salt between 50 mM and 600 mM
KCl, presumably due, in large part, to Cl binding to
the KISAB sites.1812 Of interest, iron release from the
isolated N-lobe shows a very modest increase
between 50 mM and 300 mM KCl and then
decreases at 600 mM KCl. This is not observed for
any of the other constructs, indicating that iron
release from the isolated N-lobe is actually inhibited
at a sufficiently high concentration of salt (even at
pH 5.6). Nevertheless, iron release from the isolated
N-lobe (at all salt concentrations) is significantly
faster than iron release from the N-lobe of any of the
full-length constructs at the same salt concentration,
again consistent with the contention that the

=

presence of the C-lobe slows iron release from the
N-lobe. Of further interest is the observation that at
150 mM salt or below, the FenhTF data fit well to the
A —B—C model, whereas above 150 mM salt, the
A—-B—-C—D model is required. Although this
reveals that a new conformational event is observed
with increasing concentrations of salt, the rate
constant k,=5.8 min ! derived for this event is
unchanged by increasing the salt concentration
further.

Although salt is necessary for iron removal from
the hTF/sTFR complexes,32 the effect of the sTFR far
exceeds that of salt. Thus, as indicated above, the
SsTFR induces a switch in the order of iron removal,
which results in an increase in the rate constant for
iron release from the C-lobe and a decrease in the
rate constant for iron release from the N-lobe.
Varying the concentration of salt when monitoring
iron release from hTF/sTFR complexes results in
more subtle changes in rate constants compared to
the changes observed when the sTFR is absent
(Fig. 4b). In both FeyhTF/sTFR and FechTF/sTFR
complexes, iron release is preceded by a conforma-
tional change with a rate constant k; (Fig. 2b) that is
affected by salt in opposite ways for the two con-
structs. As shown in Fig. 4b, for FexhTF/sTFER, the
rate constant k; decreases with increasing salt con-
centration from 37.1+1.1 min ' to 16.4+1.1 min
and, for FechTF/sTER, this event is only observed at
150 mM KCl and above, where k; increases from 9.4+
0.2 min~ ' to 20.3+1.1 min ' with increasing salt
concentration, making the rate constants for the
N-lobe and the C-lobe more equal. In combination
with the presence of the sTFR, this salt-sensitive con-
formational change appears to prime each lobe for
iron release, perhaps through a KISAB mechanism.

In summary, we have assigned the specific events
describing the iron release process from Fe;hTF by

60
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40+

Rate Constant (min)

%mﬂmﬂ

Fig. 4. Salt effect on iron release
from various hTF constructs in the
absence and in the presence of the

Fe,hTF FeyhTF LockchTF Isolated N-lobe sTFR. (a) Only the rate constant for
(b) iror} release from the N—}obe a.t th.e
60 e various salt concentrations [indi-
= cated in the legend to (b)] is shown
£ % =150 mM KCI for Fe,hTF, FexhTF, LockchTF, and
= 40- 01300 mM KCl the isolated N-lobe at pH 5.6. Except
g 01600 mM KCl for the salt concentration, the con-
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c itions are exactly as indicated in
8 201 the legend to Fig. 1. (b) Both k; and
% 104 m k>, as a function of salt concentra-
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0 . ‘ e ) monoferric hTF species bound to
kq k, Ky ky the sTFR under the same conditions

FechTF/sTFR FechTF/sTFR  FeyhTF/sTFR FeyhTF/sTFR described above.
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utilizing authentic monoferric and locked constructs
to elucidate individual steps leading to complete
iron removal in the absence and in the presence of
the sTFR. The excellent signal-to-noise ratio in the
kinetic curves for transferrin is unprecedented,
allowing precise dissection of the kinetic events. At
pH 5.6, the sTFR enhances the rate of iron release
from the C-lobe (7-fold to 11-fold) and slows the rate
of iron release from the N-lobe (6-fold tol5-fold),
making them more equivalent and producing an
increase in the net rate of iron removal from Fe,hTF.
Additionally, the presence of the C-lobe in the
protein slows iron release from the N-lobe and,
along with the requirement of both lobes for strong
binding to the receptor, provides a compelling
argument for the bilobal nature of hTF. The unique
combination of pH and salt-induced conformational
changes in each lobe of hTF and the TFR appears to
be exquisitely tuned to maximize the delivery of iron
within the cell in the physiologically relevant time
frame of 2 min.

Materials and Methods

Materials

Dulbecco’s modified Eagle’s medium-Ham F-12 nutrient
mixture (DMEM-F12), antibiotic-antimycotic solution
(100%), and trypsin solution were obtained from the
GIBCO-BRL Life Technologies Division of Invitrogen.
Fetal bovine serum was obtained from Atlanta Biologicals
(Norcross, GA). Ultroser G (UG) was a serum replacement
obtained from Pall BioSepra (Cergy, France). Ni-NTA resin
was obtained from Qiagen. Corning-expanded surface
roller bottles were obtained from Fisher Scientific, Hi-Prep
26/60 Sephacryl S-200HR and S-300HR prepoured
columns were obtained from Amersham Pharmacia, and
Amicon Ultra-4 (30 kDa cutoff) ultrafiltration concentrators
were obtained from Millipore.

Protein production and purification

The DNA manipulations used to generate Fe,hTF,
FenhTF, FechTF, LockyhTFE, LockchTF, and sTFR have
been described in detail previously.'”*”*! Briefly, for the
production of recombinant hTF, baby hamster kidney
(BHK) cells transfected with the pNUT plasmid containing
the appropriate cDNA sequence are placed into two to
four expanded surface roller bottles. Adherent BHK cells
are grown in DMEM-F12 containing 10% fetal bovine
serum. This medium was changed twice at 2-day
intervals, after which DMEM-F12 containing the serum
substitute UG (1%) and 1 mM butyric acid was used
instead. UG and butyric acid have both been shown to
increase the production of recombinant hTF and sTFR
from BHK cells.*! The amount of protein produced was
usually determined using a competitive immunoassay.
The hexa-His-tagged recombinant protein from the tissue
culture medium is captured by passage over a Ni-NTA
column, followed by final purification on a gel-filtration
column (S-200HR for hTF constructs and S-300HR for
sTFR). Polyacrylamide gel electrophoresis in the presence
of SDS was used to verify the homogeneity of all of the
recombinant hTFs that were brought to a nominal
concentration of 15 mg/mL. An accurate absorption

coefficient for each construct was determined by a recently
reported modified Edelhoch method.*

hTF/sTFR complexes are prepared by combining the
SsTFR with a small molar excess of hTF (Fe,hTF, FexhTF,
FechTF, LockyhTF, and LockchTF) and isolated by
passage over an S-300HR column.” Complexes were
adjusted to a nominal concentration of 15 mg/mL with
respect to hTF.

Iron release kinetics

The kinetics of iron release from all of the hTF
constructs, in the absence and in the presence of the
sTFR, were monitored at pH 5.6 and 25 °C on an Applied
Photori)hysics SX18.MV stopped-flow spectrofluori-
meter.”” One syringe contained protein (375 nM) in
300 mM KCl, and the other syringe contained 200 mM
Mes buffer (pH 5.6), 300 mM KCl, and 8 mM EDTA (our
“standard” conditions). Samples were excited at 280 nm,
and fluorescence emission was monitored using a high-
pass 320-nm cut-on filter. For KCl titrations, one syringe
contained protein in either 50 mM, 150 mM, 300 mM, or
600 mM KCI; the other contained 200 mM Mes buffer
(pH 5.6), 8 mM EDTA, and an equivalent concentration of
KCl. Rate constants were determined by fitting the change
in fluorescence intensity versus time to the appropriate
model using Origin software (version 7.5). The equations
used to fit the data are provided in Results and Discussion
and Supplemental Data, which also contain their complete
derivation and program code for Origin. These equations
provide more precise and accurate rate constants than the
exponential equations used in our previous work.?**"*
Nevertheless, the rate constants that were previously
reported are within the standard deviations of the current
values. All iron release curves shown in Fig. 1 are an
average of at least 4 (with a maximum of 32) separate
experiments performed on different days and have all
been normalized to a fluorescence intensity of 1.0 at the
end of the iron release reaction. Reported rate constants
are averages from the curve fitting of data obtained on
multiple days with two or more protein preparations. A
direct measurement of the kinetics of iron release using the
stopped-flow absorbance spectrophotometry at ~465 nm
is difficult because of the low intensity of the band and the
limited solubility of the receptor.® Therefore, assignment
of rate constants to iron release events (as opposed to
conformational changes) was accomplished by comparing
rate constants among the different constructs. The rate
constants for iron removal from a given lobe are expected
to be very similar across constructs and, hence, readily
identified. That proved to be the case, as shown by the rate
constant assignments in Table S1.
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