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ABSTRACT: Human transferrin, a bilobal protein, with each lobe bearing a single iron-binding site, functions
to transport iron into cells. While the N-terminal lobe alone does not measurably bind cellular transferrin
receptors or serve as an iron donor for cells, the C-lobe is capable of both functions. We used hydroxyl
radical-mediated protein footprinting and mass spectrometry to reveal the conformational changes that
occur upon complex formation for the human transferrin C-lobe (residues 334-679) bound to the
ectodomain of human transferrin receptor 1 (residues 121-760). Oxidation rates for proteolytic peptides
in the C-lobe, the receptor, and their complex have been measured by mass spectrometry; upon formation
of the complex, a dramatic decrease in modification rates, indicating protection of specific side chain
groups, can be seen in C-lobe sequences corresponding to residues 381-401, 415-433, and 457-470.
Peptide sequences experiencing modification rate decreases in the transferrin receptor upon C-lobe binding
include residues 232-240, 365-371, 496-508, 580 and 581, 614-623, 634-646, 647-681, and 733-760.
In addition, several peptides in the receptor exhibit enhancements in the rate of modification consistent
with allosteric effects of complex formation. Using tandem mass spectrometry, the sites of modification
with altered reactivity in the complex include Met382, Met389, Trp460, Met464, and Phe427 in the C-lobe
and Tyr503, Pro581, Tyr611, Leu619, Met635, Phe650, Trp740, Trp754, and Phe760 within the transferrin
receptor. Using available genetic, biochemical, and structural data, we confirm that the conserved RGD
sequence (residues 646-648) in the helical domain of the transferrin receptor, including residues from
Leu619 to Phe650, is a primary binding site for the transferrin C-lobe.

Transferrin (Tf)1 and the transferrin receptor (TfR) function
interactively to provide iron for cells dependent on this
essential element (1-3). Human transferrin is a single-chain,
bilobal, iron-binding glycoprotein consisting of 679 amino
acids. Each lobe of transferrin is further divided into two
dissimilar domains with their iron-binding sites located within
the interdomain cleft. Four residues (Asp392, Tyr426,
Tyr517, and His585) in the C-lobe serve as iron-binding
ligands, complemented by a bidentate carbonate anion linked

to protein by a network of hydrogen bonds (4). Human TfR
1 is a disulfide-linked homodimer of 90 kDa glycoprotein
subunits, each of which is capable of binding two transferrin
molecules (5-7). A second transferrin receptor has recently
been described, but its role in iron metabolism is not yet
clear (8). The major mechanism for uptake of iron by
vertebrate cells involves the binding of iron bearing Tf to
TfR followed by endocytosis and iron release in the acidic
environment of the endosome. The transferrin-receptor
complex is then recycled to the cell membrane and free
transferrin released. Although crystallographic data for
transferrin and its receptor have been available for some time,
the structure of the complex has to date not been determined
(4, 7).

For the studies presented here, we have chosen to examine
the soluble ectodomain of transferrin receptor 1, available
as a recombinant protein expressed in a baculovirus system,
in a complex with the C-lobe of transferrin, rather than the
full-length protein to simplify the analysis of the data. More
than 75% of the binding energy of the Tf-TfR complex is
due to the C-lobe (9), and the absence of glycosylation does
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not affect the functional properties of transferrin (10). Studies
of chimeric human/chicken transferrin receptors have indi-
cated that the C-terminal “helical” domain of the receptor
(residues 607-760), which provides important contacts
within the homodimer interface, is essential for binding to
transferrin (11). Supporting this idea is a mutagenesis study
showing that an RGD sequence (residues 646-648) in the
C-terminal region of TfR is crucial for transferrin binding;
this RGD recognition motif is functionally important for the
binding of many proteins to cells (12). The hereditary hemo-
chromatosis protein HFE also binds TfR, and the major site
of interaction is with the TfR C-terminal helical domain (13).
Biochemical evidence that HFE has receptor-binding sites
overlapping with those of transferrin (13) further implicates
this binding site as being critical for the interaction.

Hydroxyl radicals, including those generated through the
radiolysis of water by synchrotron radiation, can efficiently
oxidize aromatic and sulfur-containing amino acids on the
surface of proteins in direct relation to their reactivity and
their solvent accessibility (14-18). In particular, the solvent
accessible side chains of cysteine, methionine, phenylalanine,
tyrosine, tryptophan, histidine, proline, and leucine provide
probes for synchrotron footprinting experiments (17-20).
These residues cover∼30% of the sequence of a typical
protein (21; http://prowl.rockefeller.edu/); thus, the method
can probe a large number of side chains throughout the
protein sequence. Radiolysis of protein samples modifies the
reactive and accessible side chain groups; the samples are
digested with proteases, separated by reverse-phase liquid
chromatography, and analyzed by electrospray ionization
mass spectrometry. Modified and unmodified peptides are
individually quantitated for a specific exposure time, and the
rate of oxidation of peptides containing the susceptible sites
is determined by measurements at varying exposure times
(14, 17, 18, 20, 22). Footprinting provides only “local”
information about the environment of the probe sites. Allo-
steric changes in conformation induced by ligand binding
can give rise to either protections (decreases in side chain
reactivity) or enhancements (increases in reactivity) depend-
ing on the induced conformational changes (17, 18, 20, 22).
In the case of protein-protein (17, 23) or protein-DNA (24)
interactions, formation of a binding interface can give rise
to protections. However, confirmation of the interface
requires additional biochemical, structural, or genetic data.

Since the crystal structures of both Tf (4) and TfR (7)
have been reported, the accessible and potentially reactive
residues of each partner in isolated form can be predicted
(see below). Our results showed that the reactivities of
peptides composed of sequences of residues 381-401, 415-
433, and 457-470 in the transferrin C-lobe are reduced in
the complex compared to their reactivities in the isolated
forms. Two of these peptides contain ligands for the iron
atom, indicating a potential conformational link between the
binding event and the structure near the iron site. In the
receptor, peptides containing residues 232-240 and 365-
371 within the apical domain, residues 496-508, 580, and
581 in the protease domain, and residues 601-613, 614-
623, 634-646, 647-681, and 733-760, all in the helical
domain (7), include side chains that exhibit reduced reactivity
upon formation of the complex. Other peptides within the
C-lobe and TfR exhibit no significant changes in modifica-
tion rate upon complex formation. Tandem MS methods

identified specific side chains experiencing reactivity changes
upon complex formation. The results are interpreted in terms
of a predicted binding interface for the C-lobe-receptor
complex that includes the conserved RGD sequence of the
C-terminal helical domain of the receptor (12, 13). Presumed
allosteric changes in the protease and apical domains of the
receptor and in the C-lobe are seen to result from complex
formation.

EXPERIMENTAL PROCEDURES

Preparation of the Human Transferrin C-Lobe, the Trans-
ferrin Receptor, and Their Complex.The soluble ectodomain
of human transferrin receptor 1 (hTfR 1), expressed in a
baculovirus system, was provided by P. Snow of the
California Institute of Technology (Pasadena, CA). This
construct is normally glycosylated. The C-lobe of human Tf
was obtained by enzymatic cleavage and size-exclusion
chromatography as previously described (9, 25). The C-lobe-
transferrin receptor complex was prepared by incubating a
2-fold molar excess of the iron-loaded C-lobe with TfR 1
and separating the complex of the two proteins from the
uncomplexed components by size-exclusion chromatography
(9, 25, 26). The complex is well-resolved and can be cleanly
isolated from the uncomplexed proteins. A chromatogram
of the C-lobe-TfR complex purified as described previously
(9) shows a ratio ofA465 (due to iron) toA280 (due to protein)
of 0.013 (27). The calculated ratio, using the protein
parameter tool of the EXPASY website and previous studies
of the C-lobe (27), is 0.014, assuming a 1:1 stoichiometry
of the C-lobe and receptor monomer. These data confirm
that the preparation contains two molecules of the C-lobe
bound per TfR homodimer, a critical point in the interpreta-
tion of the footprinting results (see Discussion).

Calculation of the Side Chain SolVent Accessibility (SASA).
The VADAR 1.2 computer program (PENCE, University of
Alberta, Edmonton, AB) was used to calculate the solvent
accessible surface areas of all side chains (square angstroms)
from the human transferrin C-lobe (PDB file provided by
H. Zuccola). The Tf C-lobe structure of the human form is
very similar to the high-resolution structure of rabbit serum
transferrin (28), which also binds to human TfR and is
competent in delivering iron to human cells (29). For surface
area calculations for the transferrin receptor, PDB entry
1CX8 was used, while for the transferrin receptor bound to
the hereditary hemochromatosis protein, PDB entry 1A6Z
was used. Results are shown in Tables 1 and 2.

Synchrotron Radiolysis of Protein Solutions and Enzymatic
Proteolysis.Prior to radiolysis experiments, the transferrin
C-lobe, the transferrin receptor, and their complex were
dialyzed at 0-4 °C overnight against 20 mM sodium
cacodylate (pH 7.0) (17). Synchrotron X-ray experiments
were performed at beamline X28C of the National Synchro-
tron Light Source (NSLS) of the Brookhaven National
Laboratory (Upton, NY) as previously described (17, 30, 31).
Radiolyzed samples of 100 pmol of C-lobe, receptor, or
complex were reduced and partially denatured in 15%
acetonitrile by heating at 95°C for 20 min in 4 mM
dithiothreitol (dTT) and cooling on ice. This treatment
reduces the methionine sulfoxide (+16) oxidized product to
methionine but will not affect methionine sulfones (+32)
(32). Thus, peptides containing methionine have less apparent
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reactivity than in our previous studies where dTT was not
required for denaturation and protease digestion, since the
singly oxidized sulfoxide products are typically more abun-
dant while the sulfone oxidation products are significantly
less abundant (14, 17, 22). This does not influence the
analysis, since the reactivities of individual components are
compared to that of the binary complex under identical
reaction conditions. Subsequent proteolysis was carried out
with sequencing grade modified trypsin (Promega). The
protease was added in two aliquots to the protein samples,
yielding a final weight-to-weight ratio of 1:30 for trypsin to
protein [in 50 mM Tris (pH 7.8)]. Digestions were performed
at 37°C for 15-18 h.

HPLC-MS and MS/MS.Peptide mixtures were separated
by HPLC on a Waters 2690 separations module using a C18
reverse-phase column (Vydac, 1.0 mm× 150 mm). After
being desalted for 10 min, the HPLC eluate was directed to
a Finigan LCQ quadrupole ion trap mass spectrometer as
described previously (17). A complete trypsin digestion of
the isolated Tf C-lobe generates 43 possible peptide products,
34 of which have MWs of>300. Of these 34, 28 peptides
were detected by mass spectrometry analysis (covering
∼80% of the protein sequence), and 11 of the 28 peptides
experienced detectable modifications after X-ray beam
exposure; the other 17 had modification rates near zero.
Dose-response data for nine of the peptides could be
reproduced in multiple experiments and are reported in Table
1. For TfR, 71 peptides are generated in a complete trypsin
digest, of which 63 are in the detectible mass range and 41
were detected (covering∼70% of the protein sequence). Of
these 41, 29 were observed to be modified; data for 27
peptides were reproducible and are reported in Table 2. The
modification sites were identified by tandem MS/MS se-
quencing. A 1.5m/z unit range was used during selection of
the parent ion for fragmentation (17, 22).

Calculation of Modification Rates.Peptide products were
analyzed by HPLC-ESI-MS, and the total ion current data

were quantitated to determine the amounts of modified and
unmodified peptides (17). The unmodified fraction was

Table 1: Rate Constants for the Modification of the Human
Transferrin C-Lobea

a For each peptide, the potentially modifiable residues are outlined
within the peptide sequence in bold type, and the solvent accessibility
of the potentially modifiable side chains based on an analysis of the
crystal structure of the isolated domain (e.g., the surface area, in units
of square angstroms) is shown below the one-letter codes. The rate
constants shown in bold are significantly different in the case of Tf or
TfR vs their complex (within error).

Table 2: Modification Rates of Human Transferrin Receptora

a For each peptide, the potentially modifiable residues are outlined
within the peptide sequence in bold type, and the solvent accessibility
of the potentially modifiable side chains based on an analysis of the
crystal structure of the isolated domain (e.g., the surface area, in units
of square angstroms) is shown below the one-letter codes.
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calculated from the ratio of the area under the ion signals
for the unoxidized peptides to the total of those for the
unoxidized peptides and their radiolytic products. Back-
ground modification seen for the methionine-containing
peptides in the unexposed sample was subtracted from the
total. The unmodified fraction for each peptide at each time
point was normalized to that at zero exposure time, where
the unmodified fraction is 1.0. The fraction of unmodified
peptide was fit to the equationY ) Y0e-kt using Origin 6.1
(Microcal Software, Inc., Northampton, MA), whereY and
Y0 are the fraction of unmodified peptide at timest and 0
(seconds), respectively, andk is the first-order rate constant.
Dose-response curves are presented as the unmodified
fraction (plotted on a logarithmic scale) versus X-ray
exposure time. Synchrotron exposure times of up to 250 ms
result in∼5-60% oxidation of the reactive residues for the
individual peptides. Independent experiments on isolated Tf,
TfR, and the binary complex were performed three times,
and the separate data sets were combined and globally fit
using Origin. The reported errors represent the 95% confi-
dence limits as reported by Origin 6.1 using a linear
approximation (17, 24).

RESULTS

ReactiVity of Transferrin C-Lobe Peptides.Rates of
oxidation for nine peptides from the C-lobe and its binary
complex with the receptor are shown in Table 1. For each
peptide in the table, the potentially modifiable residues are
outlined within the peptide sequence in bold type, and the
solvent accessibility of the potentially modifiable side chains
based on an analysis of the crystal structure of the isolated
domain (e.g., the surface area, in units of square angstroms)
is shown below the one-letter codes. For example, in Table
1, the rate of modification for peptide 381-401 in the case
of the isolated Tf C-lobe is 2.17 s-1. Within this sequence,
there are multiple potentially reactive residues. Among these,
Met382 and Met389 are the most reactive and the former is
quite solvent accessible. Figure 1 of the Supporting Informa-

tion shows sample dose-response curves for three of the
peptides from the Tf C-lobe (panels a-c). The rate for
peptide 381-401 is seen in Figure 1c of the Supporting
Information (data points and curve fit in black). Upon
formation of the Tf C-lobe-TfR complex, the rate of
oxidation is reduced considerably for this peptide, to 0.16
s-1, as shown in Table 1 and Figure 1c (red) of the
Supporting Information. Of the nine peptides for which we
report rates of oxidation in the C-lobe, three exhibit
significant protections; for the remaining six, rates of
oxidation are unchanged within experimental error. Un-
changed oxidation rates for these six peptides suggest (but
do not prove) that the susceptible residues likely do not
experience conformational changes as a consequence of
complex formation. The observation of a subset of peptides
experiencing no change in oxidation provides confidence that
radiolytic oxidation is not artificially suppressed by the
increase in the effective concentration of radical targets in
the presence of the complex compared to experiments carried
out with C-lobe alone. Also, the footprinting methodology
that measures the rate of oxidation of unmodified material,
along with the overall first-order behavior of dose-response
curves, ensures that the native structure is being probed in
the experiment (14, 17, 20, 22, 24, 33).

The locations of these nine peptides analyzed within the
C-lobe are shown in Figure 1 superimposed on two views
of the Tf C-lobe structure. A four-color scheme is used to
illustrate the results. Peptides that were not detected are
shown in white. Those detected but not modified (due to
the absence or burial of reactive side chains) are shown in
yellow. Peptides that were oxidized, but with oxidation rates
unaffected by complex formation, are shown in red, while
peptides experiencing protection as a function of complex
formation are shown in green. The protected peptides are
candidates for receptor binding residues or residues experi-
encing conformational changes due to binding. Using tandem
MS data (not shown), we have identified that Met381,
Met389, Trp460, Met464, and Phe427 are the primary probes

FIGURE 1: Structure of the Tf C-lobe. Two views of the Tf C-lobe related by a 180° rotation about the vertical axis. The modified and
protected peptides are shown in green (Met382, Tyr427, and Trp460 side chains in blue and Met389 and Met464 side chains in purple);
the modified but not protected peptides are shown in red. The detected but not modified peptides are shown in yellow; the undetected
peptides are shown in white. The red ball is the iron atom bound in the C-lobe.

12450 Biochemistry, Vol. 42, No. 43, 2003 Accelerated Publications



in the protected peptides (Figure 1). Two of these probes
are close in sequence to Tyr426 and Asp392, which are
ligands of the iron atom.

ReactiVity of Peptides within the Transferrin Receptor.
Table 2 presents data for 27 peptides analyzed for TfR, and
Figure 1 of the Supporting Information displays dose-
response results for five of those peptides (panels d-h). For
example, peptide 647-651 within the helical domain con-
tains a highly accessible Phe at position 650; the rate of
oxidation for this peptide in isolated TfR is 1.69 s-1. The
dose-response curve for this peptide is shown in Figure 1f
(black) of the Supporting Information. Upon formation of
the Tf C-lobe-TfR complex, the oxidation rate for this
peptide is reduced 10-fold to 0.13 s-1 [Figure 1f (red) of the
Supporting Information]. Of the 27 peptides from the receptor
where oxidation was observed, 12 peptides experience no
change in reactivity (within error) and 12 exhibit protections
ranging from modest reductions of reactivity in several
peptides to 90-95% protection for three peptides within the
helical domain, including two that contain the RGD se-
quence. Three peptides exhibit enhanced reactivity presum-
ably as a result of conformational changes leading to
increased surface exposure.

Figure 2 presents the crystallographic structure of TfR
(7): peptides exhibiting protections shown in green, those
exhibiting no changes in red, and those that are observed to
be unmodified in yellow. Each TfR monomer contains an
apical domain, a protease domain, and a helical domain, the
latter providing the bulk of the dimer interface. Protection
is observed in three peptides within the apical domain
(residues 232-240, 365-371, and 375-382), in four pep-
tides within the protease domain (residues 395-409, 487-495,
496-508, and 580-585), and in four peptides within the
helical domain (residues 601-613, 614-623, 634-646, and
647-651). Enhancements in reactivity, likely indicative of
allosteric change, are seen in the protease domain and the
apical domains. Tandem MS studies (data not shown)
demonstrate that Phe760, Trp754, Trp740, Phe650, Met635,
Leu619, and Tyr611 are specifically protected within the
helical domain, and Pro581 and Tyr503 are specifically
protected within the protease domain in the Tf-TfR com-
plex.

DISCUSSION

Transferrin-Mediated Iron Transport.The mechanism of
iron uptake from Tf involves binding of iron-bearing Tf to
its high-affinity cell surface receptor followed by internaliza-
tion to endosomes where the lowered pH induces iron release
(1-3, 34). Many of the conformational changes in Tf that
accompany binding and release of iron have been illustrated
by crystallography (4, 35-41). Transferrin, a bilobal protein
with similarly folded N- and C-terminal domains, is further
divided into N1 and N2 and C1 and C2 subdomains. Each
of the N- and C-lobes binds a single iron atom near the
interdomain cleft. The structure of the C-terminal domain,
used in this study, is shown in Figure 1. The structure of the
transferrin receptor has also been determined (Figure 2), both
in the isolated form and bound to the hereditary hemochro-
matosis protein HFE (7, 13). However, a lack of information
about the details of the Tf-TfR interface, and the confor-
mational changes induced upon complex formation, remain
important problems to be addressed.

Early investigations indicated that TfR was a homodimer
with each monomer binding a molecule of Tf (5). Subsequent
studies localized the Tf binding site to the C-terminal (helical)
domain of each receptor subunit, including a conserved RGD
sequence at positions 646-648 (11, 12). Since the HFE
protein competes with Tf for binding, its contact interface
with TfR also indicates potential points of overlap in the
interacting surface of TfR. Specifically, HFE interacts with
TfR across portions of two of the helices of the helical
domain, a region that spans residues 616-651 of TfR (13).
In this work, we have used hydroxyl radical-mediated protein
footprinting to map the molecular footprint of the iron-loaded
C-lobe of transferrin on its receptor (and vice versa). The
N-terminal lobe of tranferrin alone will not measurably bind
to cellular transferrin receptors nor serve as an iron donor
for cells; the C-lobe is capable of both functions, indicating
that it is the primary receptor recognition site of transferrin
(42), providing more than 75% of the binding energy of the
Tf-TfR complex (9). However, the N-lobe enhances binding
of the C-lobe to TfR, so the N-lobe does play a role, by
either allosterically enhancing binding of the C-lobe, directly
binding to TfR, or both (43-45).

The Transferrin Receptor Helical Domain Is the Primary
Binding Site for the C-Lobe of Transferrin.Three peptides
of TfR exhibit reductions in reactivity exceeding 90% (Table
2): TfR peptide 614-623, for which MS/MS identifies
Leu619 as the probe residue, TfR peptide 634-646, with
Met635 as a probe residue, and TfR peptide 647-651, with
Phe650 as a probe residue. These three peptides, which are
illustrated in green along with several key probe residues in
Figure 2d, include specific residues identified from crystal-
lographic analysis of the HFE-TfR complex as being within
the binding interface (13); the last two peptides include the
essential RGD binding sequence (12). The ability of HFE
to compete with Tf for receptor binding indicates significant
overlap in the interacting regions of the receptor. Bennett et
al. (13) examined the extent of buried surface area in the
HFE-TfR complex, and found that Leu619 and Phe650
contributed 17% of the total interface surface area. We re-
examined this interface using the VADAR algorithm and
compared the solvent accessible surface area for each residue
in the complex and then compared the calculation to one
with HFE removed (these latter values were very similar to
those of isolated TfR seen in Table 2). This analysis showed
that Phe650 in the HFE-TfR complex has an accessible
surface area of 11 Å2, compared to an area of 103 Å2 when
HFE is removed, while Leu619 has an accessible surface
area of 0 Å2 in the complex compared to an area of 65 Å2

when HFE is removed. These accessible surface area
reductions are entirely consistent with the>90% decrease
in reactivity observed as a function of complex formation
for peptide 614-623 (with Leu619 as a probe), peptide 634-
646 (with Met635 as a probe), and peptide 647-651 (with
Phe650 as a probe) (17, 23, 24). Not only are the>90%
reductions in reactivity seen for these three peptides con-
sistent with the burial of the target residues predicted by
analogies between the Tf-TfR and HFE-TfR interactions,
they indicate that the protected site of TfR is more than 90%
occupied by the C-lobe. Quantitative footprinting measures
the ensemble average properties of the population (33), and
chromatography (see Experimental Procedures) verifies that
two molecules of the C-lobe are bound to the TfR homo-
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dimer. Essentially the entire population of C-lobe molecules
must be bound only at the indicated sites within the helical
domain, or the loss of reactivity would not be so complete.
For example, if 50% of the C-lobe molecules were bound
to the helical domain and 50% to a different site, the loss of
reactivity at the helical domain site could not exceed 50%.

Other evidence that residues identified in the HFE-TfR
interface are relevant to Tf-TFR binding includes a TfR

mutagenesis study of interfacial residues identified by
crystallography, in which selected mutants were specifically
examined for Tf binding. Substitutions of five TfR residues
at the HFE binding site (Leu619Ala, Arg629Ala, Tyr643Ala,
Gly647Ala, and Phe650Gln) resulted in significant reductions
in Tf binding affinity (46). Thus, probe residues identified
by protein footprinting of the transferrin C-lobe (Phe650,
Met635, Leu619, and likely Tyr611 as well), along with the

FIGURE 2: Structure of the ectodomain of the Tf receptor dimer (a) and rotation by 90° around the horizontal axis (b). The modified and
protected peptides are shown in green; the modified but not protected peptides are shown in red, and the detected and not modified peptides
are shown in yellow. The undetected peptides are shown in white. Ectodomain of the TfR monomer with the critical RGD sequence labeled
(c) and close-up of the helical part of the protease-like domain with key residues labeled (d).
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sequences between them, participate in the C-lobe Tf-TfR
interface, providing the primary binding site for the isolated
C-lobe.

Structural Reorganizations Induced by Complex Forma-
tion. Additional protections and enhancements in TfR as a
result of complex formation are observed in the protease and
apical domains, probably related to allosterically induced
conformational changes upon complex formation. Additional
protections can be due to direct contact between the C-lobe
and sites within the receptor, or they can be the result of
allostery. The data above locate the C-lobe close to the HFE
binding site upon TfR binding and indicate>90% occupancy
at this site. For any additional protections to be inferred as
part of the interface requires that they be close enough to
the helical domain for a protein the size of the C-lobe to
cover both sites.

HFE binding to TfR induces conformational changes in
TfR (13). For example, upon complex formation, the helical
domain rearranges with respect to the apical and protease
domains within the monomer units. Other conformational
changes involve the dimer interface, which includes contri-
butions from the C-terminal tail (residues 750-760), a loop
in the apical domain (residues 312-328), and a loop in the
protease-like domain (residues 469-476) (13). We can
examine the extent to which HFE-induced conformational
changes upon complex formation are recapitulated in the case
of C-lobe Tf-TfR complex formation.

Peptide 733-760 (having Trp740, Trp754, and Phe760
as probes), which includes the C-terminal tail, experiences
a significant protection upon complex formation, indicating
that the dimer interface has been perturbed. Alternatively,
peptide 447-477 (the exact probe residue is undefined),
which includes the protease domain loop, experiences no
change in reactivity. Using the solvent accessibility calcula-
tions for TfR (Table 2) compared to those for the HFE-
TfR complex (minus the contribution of HFE), we can make
predictions for the change in residue accessibility within TfR
as a function of formation of the HFE-TfR complex. We
calculate that Tyr503 and Leu505 in isolated TfR have
solvent accessible surface areas of 39 and 16 Å2, respectively
(calculated from ref7), but in the TfR-HFE complex, the
accessibility of these residues is reduced by 69 and 92%,
respectively (calculated from ref13). It should be emphasized
that these are not sites of HFE binding; e.g., the calculation
of the solvent accessibility for these residues with or without
the HFE structure shows no change. Interestingly, peptide
496-508 in TfR (with Tyr503 and Leu505 as likely probe
residues) experiences an 81% reduction in reactivity upon
C-lobe binding, consistent with the above prediction. Alter-
natively, Pro581 has no similarly predicted conformational
change upon HFE binding, although peptide 580-585
experiences an 87% protection upon binding of the C-lobe.
Although these protections may be due to direct contact from
the C-lobe, this appears to be unlikely because of the distance
from the helical domain and the size of the C-lobe. Thus,
we suggest these protections are allosterically induced
conformational changes of TfR that may be relevant to the
binding and transport of transferrin by TfR. Other changes
in structure are seen in the apical domain, which is known
to be conformationally flexible (7), as well as in the protease
domain. These regions are potential targets for mutagenesis
for exploring receptor function in iron transport.

Conformational Changes in Transferrin Induced by Com-
plex Formation.In transferrin, three peptides are indicated
as being protected upon receptor binding, but the indicated
side chain probes do not clearly describe a common interface
(Figure 1). Thus, a subset of the protectionsmay include
the interface with TfR, while the remainder represents
conformational readjustments of the C-lobe induced by
receptor binding. We were able to conclusively identify the
probe residues for each of the protected peptides. For
example, the probe for peptide 415-433 is identified as
Phe427. This result is quite interesting as this side chain
is within a set of sequences that connects the C1 and C2
domains of the molecule and the probe site is adjacent to
Tyr426, a ligand of the iron atom. Also, the change in
conformation localized in peptide 381-401 protects Met382
and Met389, the latter being in the proximity of another iron
ligand, Asp392. To provide additional coverage of the C-lobe
sequence, we are using additional proteases (17, 20) to
supplement information obtained from the tryptic digestion
used here. In addition, to identify the effects of N-lobe
binding, studies of full-length transferrin are currently
underway.

SUPPORTING INFORMATION AVAILABLE

Dose-response curves for the human Tf C-lobe, the Tf
receptor, and their complex. This material is available free
of charge via the Internet at http://pubs.acs.org.
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