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Crystal Structure of the
Ectodomain of Human
Transferrin Receptor

~ C. Martin Lawrence,”? Sanjoy Ray,’* Marina Babyonyshev,’
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The transferrin receptor (TfR) undergoes multiple rounds of clathrin-mediated
endocytosis and reemergence at the cell surface, importing iron-loaded trans-
ferrin (Tf) and recycling apotransferrin after discharge of iron in the endosome.
The crystal structure of the dimeric ectodomain of the human TfR, determined
here to 3.2 angstroms resolution, reveals a three-domain subunit. One domain
closely resembles carboxy- and aminopeptidases, and features of membrane
glutamate carboxypeptidase can be deduced from the TfR structure. A model
is proposed for Tf binding to the receptor.

The transferrin receptor (TfR) assists iron up-
take into vertebrate cells through a cycle of
endo- and exocytosis of the iron transport pro-
tein transferrin (Tf) (7). TfR binds iron-loaded
(diferric) Tf at the cell surface and carries it to
the endosome. Iron dissociates from Tf upon
acidification of the endosome, but apo-Tf re-
mains tightly bound to TfR. The complex then
returns to the cell surface. At extracellular pH,
apo-Tf dissociates and is replaced by diferric Tf
from serum. This cycle has become one of the
most widely studied models for receptor-medi-
ated endocytosis.

Human TfR is a homodimeric type II trans-
membrane protein. The 90-kD subunit has a
short, NH,-terminal cytoplasmic region (resi-
dues 1 to 67), which contains the internalization
motif YTRF (2), a single transmembrane pass
(residues 68 to 88), and a large extracellular
portion (ectodomain, residues 89 to 760), which
contains a binding site for the 80-kD Tf mole-
cule. Electron cryomicroscopy shows that the
TfR dimer has a globular, extracellular struc-
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ture separated from the membrane by a stalk of
about 30A (3). The stalk presumably includes
residues immediately following the transmem-
brane pass and the O-linked glycan at Thr'%*
[see (4) and references therein] as well as two
intermolecular disulfide bonds—one formed
by Cys® and one formed by Cys®® (5). The
intermolecular disulfides are not required for
dimerization (6). Treatment of TfR-containing
membranes with trypsin releases a soluble frag-
ment, residues 121 to 760, whose crystallization
has been described (7). The released receptor is
a dimer. It binds two molecules of Tf with
normal affinity and it corresponds to the large
globular structure shown by electron microsco-
py. A similar fragment is found as a normal
component of human serum; its level is inverse-
ly correlated with body iron stores (4). HFE,
the product of the gene responsible for human
hereditary hemochromatosis (tissue iron over-
load) and-a homolog of the heavy chain of class
I major histocompatibility complex molecules,
has recently been identified as a second ligand
for TfR (8). Hereditary hemochromatosis is the
most common genetic disease among persons
of northern European descent. Association with
HFE lowers the affinity of TfR for Tf by a
factor of 10 to 50 (8) and also appears to
impede dissociation of iron from Tf in the
endosome (9).

The amino acid sequence of the globular
ectodomain of TfR is 28% identical to that of
membrane glutamate carboxypeptidase II
(mGCP). mGCP hydrolyzes N-acetyl-o-L-
aspartyl-L-glutamate, the most prevalent mam-
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malian neuropeptide (10). Several groups have
noticed the similarity of mGCP to aminopepti-
dases, and one group has extended this analysis
to TfR, suggesting that TfR evolved from a
peptidase related to mGCP (/7). In TfR, three
of the presumed Zn ligands of the predicted
protease-like domain are missing, and TfR
lacks peptidase activity.

We have expressed an equivalent of the
tryptic fragment of human TfR in Chinese

hamster ovary (CHO) cells (/2) and determined

its structure at 3.2 A resolution (/3). Because
crystals of TfR diffract significantly better after
soaking in SmCl,, we determined the structure
of TfR in the presence of bound Sm** ions.
The asymmetric unit of the crystals contains
four TfR dimers (8 X 70 kD = 560 kD)
stacked in an 8, helical array coincident with a
crystallographic 2, axis (/4). We have found
interpretable electron density for the entire tryp-.
tic fragment except for Arg'?' at the NH,-
terminus. We also see density for the first N-
acetylglucosamine residue at each of the three
N-linked glycosylation sites (15).

The TfR monomer contains three distinct
domains, organized so that the TfR dimer has a
butterfly-like shape (Fig. 1). The positions of
the NH,-termini allow orientation of TfR with
respect to the plasma membrane. Secondary
structural elements for each domain are shown
in Fig. 2; the notation used below is explained
in the legend. The first, protease-like domain
contains residues 122 through 188 and 384
through 606. Its fold, which is closely related to
that of carboxy- or aminopeptidase (/6), has a
central, seven-stranded, mixed 3 sheet with
flanking o helices (Fig. 2A). Carboxypeptidase
itself has eight B strands, but in TfR the
polypeptide chain traces a path away from the
outside edge of the 3 sheet, forming an extend-
ed loop (a1-7/a1-8). A disulfide bond within
the protease-like domain is unusual in linking
Cys>>¢ and Cys®8, only two residues-apart at
the end of BI-6. el

The second, apical domain contains resi-
dues 189 to 383. It resembles a B sandwich in
which the two sheets are splayed apart (Fig.
2B), with a’helix (aIl-2) running along the
open edge. A related structure has been seen
in domain 4 of aconitase (/7). An extended
segment of polypeptide connects BII-6 and
BII-7, traversing the interface between the
apical and protease-like domains. At the
COOH-terminus of this apical traverse is a
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large loop with residues (Asp>°7 and Thr3'?)
that help sequester one of the Sm>™ ions, in
conjunction with Glu*®® and Glu**® from
al-5 of the protease-like domain. The Sm3~-
liganding loop also interacts with alIlIl-6
across the dimer interface.

With respect to the linear sequence, the
apical domain is an insert between the first and
second strands of the central B sheet in the
protease-like domain. Packing interactions
within the crystal, which in several places in-
volve BII-2 and the reverse turn between BII-1
and BII-2, result in slightly different orienta-
tions of the apical domain in each of the eight
monomers in the asymmetric unit. The B
strands running between the protease-like do-
main and the apical domain act as a hinge,
allowing small rotations (2°) of one domain
with respect to the other (arrows, Fig. 1). Great-
er rotations of the apical domain may be pos-
sible in solution, in the absence of Sm**, or at
a different pH.

The third, helical domain (Fig. 2C) contains
residues 607 through 760. It is best described as
a four-helix bundle formed by a pair of parallel

A

122 184 384 606 760

Helical

Protease-Like
Domain

Plasma Membrane

Fig. 1. Structure of the ectodomain of the TfR. (A)
Domain organization of the TfR polypeptide
chain. The cytoplasmic domain is white; the
transmembrane segment is black; the stalk is
gray; and the protease-like, apical, and helical
domains are red, green, and yellow, respectively.
Numbers indicate residues at domain boundaries.
(B) Ribbon diagram of the TfR dimer depicted in
its likely orientation with respect to the plasma
membrane. One monomer is colored according to
domain (standard coloring as described above),
and the other is blue. The stalk region is shown
in gray connected to the putative membrane-
spanning helices. Pink spheres indicate the lo-
cation of Sm3* jons in the crystal structure.
Arrows show direction of (small) displacements
of the apical domain in noncrystallographically
related molecules.
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a-hairpins, with the first and third helices of the
bundle each broken in two. Thus, alll-1 and
ofII-2 correspond to the first helix of the bun-
dle, and oIll-4 and oIIl-5 correspond to the
third. The large loop-like insert between olll-4
and olll-5 has an important structural role.
Within a monomer, this loop contacts the
Sm>3*-binding loop of the apical domain and
helix al-8 of the protease-like domain. It also
interacts with its counterpart across the molec-
ular twofold axis. Indeed, one principal func-
tion of the helical domain appears to be TfR
dimerization; it contacts each of the three do-

Domain

Helical
Domain

Fig. 2. Individual TfR domains. Ribbon diagrams
for domain |, the protease-like domain (A);
domain Il, the apical domain (B); and domain Il
the helical domain (C). Secondary structure
elements are labeled. In the text, we refer to
these elements first with respect to domain
number and then with respect to the linear
order of the element within the domain. For
example, al-3 refers to the third helix within
the first domain. In (A), the two gray spheres
indicate the positions that would be occupied
by Zn2* in an authentic protease.

mains in the dimer partner. These interactions
include contacts with the Sm>*-binding loop in
the partner’s apical domain. A second Sm3**
site lies between the body of domain III and the
poorly ordered COOH-terminal tail of the
polypeptide chain.

A structure-based alignment of TfR (see
Fig. 3 for amino acid sequence) and mGCP
(18) reveals significant sequence identity
(30.3%, 30.2%, and 24.0% for the protease-
like, apical, and helical domains, respective-
ly), but mGCP appears to lack much of the
TfR stalk as well as the COOH-terminal tail
that follows alIl-6. The catalytic site is cov-
ered by the apical domain, but the position of
the al-7/al-8 loop allows access through an
interdomain channel (Fig. 2A). The ho-
mologs of mGCP probably extend further in
the evolutionary tree than does TfR itself,
and it is possible that TfR arose from a
cell-surface protease, perhaps one that recy-
cled in and out of endosomes.

How might TfR bind Tf? We can model
this interaction on the basis of the structural
characteristics of the two proteins and the avail-
able functional information. A TfR dimer binds
two Tf molecules, probably noncooperatively.
Transferrin has two very similar lobes (N and
C), each composed of two structurally dissim-
ilar domains (N, and N,; C, and C,) (/9). Each
lobe chelates a single Fe>* between the two
domains. Iron release is accompanied by a sub-
stantial opening of the interdomain cleft, at least
in the N lobe and probably in both (19, 20).
Because iron release in the endosome occurs
without dissociation of Tf from TfR, the com-
plex must withstand a hinge-like opening of
both lobes. Studies with proteolytically derived
or recombinant N and C lobes of Tf show that
both lobes of Tf interact with TfR but that the
interactions between the C lobe and TfR are
much stronger (2/). Indeed, the binding con-
stant for a proteolytically derived C lobe is
1/10th that of intact Tf (21). Thus, we expect
that Tf C- lobe-TfR contacts should be more
extensive than Tf N-lobe-TfR contacts, with
much of the interface presumably coming from
one of the two C domains.

The TfR dimer has a strikingly convolut-
ed surface (Fig. 4). There are lateral facing
clefts and a bowl-like depression at the top of
the molecule. The central bowl is too small to
accommodate two noninterfering Tf mono-
mers, but the lateral clefts are more likely
sites of interaction. Each cleft lies within a
single monomer, with all three domains con-
tributing to its surface. The cleft opens in-
ward toward what would be the catalytic site
of a structurally related protease. We find
apparent surface complementarity between
Tf and the lateral clefts of TfR, which has
allowed us to dock the two molecules by
inspection, followed by rigid body refine-
ment (22) (Fig. 4). Our model has several
noteworthy features: (i) Most contacts with
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Tf involve the C, domain, with additional
contributions from the N, domain, particular-
ly near its COOH-terminus. The N, and C,
domains of Tf have only minor interactions
with TfR, and the putative motions within
each lobe of Tf upon iron release are easily
tolerated. (ii) The largest continuous patch of
conserved surface residues in human and rab-
bit Tf is at the interface in the model between
the apical domain of TfR and the N, and C,

REPORTS

domains of Tf. (iii) Glycosylation sites on
both human and rabbit Tf, which are not
involved in Tf~TfR interactions (23), point
away from TfR. We believe that our criteria
are quite restrictive and that the model incor-
porates good approximations to the relative
orientations of Tf and TfR and their contact-
ing surfaces.

TfR is likely to have conformational
switches associated with changes in pH. Iron
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Fig. 3. Amino acid sequence of human TfR (37) with a helices and B strands indicated above the

sequence by bars and arrows, respectively.

Fig. 4. Proposed model for binding of Tf to TfR receptor. The surface of the TfR dimer is rendered
predominantly in white, with elements of the lateral cleft that are in contact with the docked Tf
molecule colored according to domain as in Figs. 1 and 2 (the opening to the vestigial protease
active site is indicated by a yellow asterisk). The structure of rabbit transferrin is shown as a worm,
color coded by domain: first and second domains of the N lobe (N, and Nzl) are orange and red,

and the corresponding domains of the C lobe (C, and C,) are blue and purp

e, respectively. Ferric

ions are represented as labeled spheres, and the positions of human and rabbit N-linked glycosyl-
ation sites on Tf are denoted by white and black asterisks. White arrows indicate movements of the
N, and C, domains upon ferric iron release. Docking of Tf to TfR, to model the complex, is
described in the text. The model predicts that the following regions of TfR participate in binding
Tf: the all-2/B11-8 and BlI-4/BII-5 loops of the apical domain, the al-7/al-8 loop of the protease-
like domain, and alll-1 and alll-5 of the helical domain. Together, alll-1 and alll-5 form the
COOH-terminal face of the lateral cleft, and these helices may contain residues responsible for
species specificity of Tf association (32). The al-7/al-8 loop might also contribute to selectivity.

release at low pH from TfR-bound Tf is faster
and more complete than from unliganded Tf;
the receptor enhances iron dissociation (24).
One of the Sm>* sites in the TfR crystal struc-
ture lies between the apical and protease-like
domains (Fig. 1B). The Sm3* is liganded by
conserved acidic residues, which are nearly
buried at the domain interface. When the ion
dissociates, rearrangement of the binding loop,
which also participates in dimer contacts, and
rotation of the apical domain are required to
separate the carboxylates. We therefore propose
that motions of the apical domain transduce pH
changes into changes in the Tf binding cleft.
Shifts in the position of the apical domain could
influence the relative affinities of TfR for apo-
and holo-Tf and thus the affinity of Tf for Fe>*.
For example, hinged motions of the apical do-
main, as shown by the arrows in Fig. 1B,
stimulate iron release by favoring the apo con-
formation of Tf. More generally, the structure
suggests that pH-dependent switching involves
large-scale domain displacements and not just
local electrostatic changes. We also expect that
ligands at the vestigial protease active site could
influence apical domain motions and thus affect
Tf binding and iron delivery.
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Microtubule Disassembly by
ATP-Dependent Oligomerization
of the AAA Enzyme Katanin

James J. Hartman and Ronald D. Vale*

Katanin, a member of the AAA adenosine triphosphatase (ATPase) superfamily,
uses nucleotide hydrolysis energy to sever and disassemble microtubules. Many
AAA enzymes disassemble stable protein-protein complexes, but their mechanisms
are not well understood. A fluorescence resonance energy transfer assay demon-
strated that the p60 subunit of katanin oligomerized in an adenosine triphosphate
(ATP)—and microtubule-dependent manner. Oligomerization increased the affinity
of katanin for microtubules and stimulated its ATPase activity. After hydrolysis of
ATP, microtubule-bound katanin oligomers disassembled microtubules and then
dissociated into free katanin monomers. Coupling a nucleotide-dependent oli-
gomerization cycle to the disassembly of a target protein complex may be a general

feature of ATP-hydrolyzing AAA domains.

Microtubules, polymers of o- and B-tubulin
subunits, form the mitotic spindle and organize
membranous organelles in interphase cells. To
accomplish these disparate functions, the mi-
crotubule cytoskeleton must rapidly reorganize
into different configurations. Microtubules un-
dergo spontaneous growth and shrinkage at
their ends, even at steady state, which is impor-
tant for the cellular rearrangements of these
polymers (/, 2). In addition to end dynamics,
the microtubule wall can be disrupted by the
severing enzyme katanin (3). Potential in vivo
roles for katanin-mediated microtubule sever-
ing include releasing microtubules from centro-
somes (4), depolymerizing microtubule minus
ends in the mitotic spindle as a component of
poleward flux (5), and accelerating microtubule
turnover at the G,/M transition of the cell cycle
by creating unstable microtubule ends (6).
Katanin is a microtubule-stimulated ATPase,
and ATP hydrolysis is required for it to sever
and disassemble stable microtubules (3). Ka-
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tanin is a heterodimer organized into a 60-kD
enzymatic subunit (p60), which carries out the
ATPase and severing reactions, and a targeting
subunit (p80), which localizes katanin to the
centrosome (7). The sequence of p60 reveals
that it belongs to the AAA ATPase superfam-
ily, members of which share one or two copies
of a conserved 230-amino acid ATPase do-
main (§—10). AAA proteins have been impli-
cated in a myriad of cellular processes as
diverse as membrane targeting (NSF, VPS4,
p97), organelle biogenesis (PAS1p), proteoly-
sis (SUGI), and transcriptional regulation
(TBP1) (11). AAA proteins have been pro-
posed to act as nucleotide-dependent chaper-
ones that can disassemble specific protein
complexes or unfold polypeptides (&). How-
ever, little is known about how changes in the
nucleotide state of the AAA‘domain are cou-
pled to the disassembly of their protein targets.

Like the AAA protein NSF (12, 13), p60
katanin can form 14- to 16-nm rings, as shown
by electron microscopy (7). However, p60 (14)
and GFP-p60, a chimeric protein composed of
green fluorescence protein and p60, migrated
primarily as 4S monomers in 10% to 35%
glycerol gradients in the presence of ATP,
adenosine diphosphate (ADP), or adenosine-5'-
(y-thio)triphosphate (ATP-y-S) (Fig. 1A) (15).

22 OCTOBER 1999 VOL 286 SCIENCE www.sciencemag.org



http://www.jstor.org

LINKED CITATIONS
-Pagelof2-

You have printed the following article:

Crystal Structure of the Ectodomain of Human Transferrin Receptor

C. Martin Lawrence; Sanjoy Ray; Marina Babyonyshev; Renate Galluser; David W. Borhani;
Stephen C. Harrison

Science, New Series, Vol. 286, No. 5440. (Oct. 22, 1999), pp. 779-782.

Stable URL:

http://links.stor.org/sici 2si ci=0036-8075%2819991022%293%3A 286%:3A 5440%3C779%3A CSOT EQ%3E2.0.CO%3B2-0

This article references the following linked citations:

Refer ences and Notes

*The Hemochromatosis Gene Product Complexeswith the Transferrin Receptor and L owers
Its Affinity for Ligand Binding

John N. Feder; David M. Penny; Alivelu Irrinki; Vince K. Lee; Jose A. Lebron; Nicole Watson;
Zenta Tsuchihashi; Elliott Sigal; Pamela J. Bjorkman; Randall C. Schatzman

Proceedings of the National Academy of Sciences of the United States of America, Vol. 95, No. 4.
(Feb. 17, 1998), pp. 1472-1477.
Stable URL:

http://links.jstor.org/si i ?sici=0027-8424%2819980217%2995%3A 4%3C1472%3A THGPCW%3E2.0.CO%3B2-K

® Association of the Transferrin Receptor in Human Placenta with HFE, the Protein Defective
in Hereditary Hemochromatosis

Seppo Parkkila; Abdul Waheed; Robert S. Britton; Bruce R. Bacon; Xiao Y an Zhou; Shunji
Tomatsu; Robert E. Fleming; William S. Sly

Proceedings of the National Academy of Sciences of the United States of America, Vol. 94, No. 24.
(Nov. 25, 1997), pp. 13198-13202.
Stable URL:

http://links.jstor.org/sici?sici=0027-8424%2819971125%2994%3A 24%3C13198%3AAOTTRI%3E2.0.CO%3B2-9

" Prostate-Specific M embrane Antigen is a Hydrolase with Substrate and Phar macologic
Characteristics of a Neuropeptidase

Ruth E. Carter; Alexis R. Feldman; Joseph T. Coyle

Proceedings of the National Academy of Sciences of the United States of America, Vol. 93, No. 2.
(Jan. 23, 1996), pp. 749-753.
Stable URL:

http://links.jstor.org/si ci ?sici=0027-8424%2819960123%2993%3A 2%3C749%3APMAIAH%3E2.0.CO%3B2-U

NOTE: The reference numbering fromthe original has been maintained in this citation list.



http://www.jstor.org

LINKED CITATIONS
-Page2of 2-

"I solation and Expression of a Rat Brain cDNA Encoding Glutamate Car boxypeptidase ||
Ruth Luthi-Carter; UrsV. Berger; Amy K. Barczak; Matthew Enna; Joseph T. Coyle

Proceedings of the National Academy of Sciences of the United States of America, Vol. 95, No. 6.
(Mar. 17, 1998), pp. 3215-3220.
Stable URL:

http://links.jstor.org/sici?sici=0027-8424%2819980317%2995%3A 6%3C3215%3AI AEOAR%3E2.0.CO%3B2-4

NOTE: The reference numbering fromthe original has been maintained in this citation list.





