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Discoidin domain receptor 1 (DDR1) is a transmembrane
receptor tyrosine kinase activated by triple-helical collagen. So
far six different isoforms of DDR1 have been described. Aber-
rant expression and signaling of DDR1 have been implicated in
several human diseases linked to accelerated matrix degrada-
tion and remodeling, including tumor invasion, atherosclerosis,
and lung fibrosis. Here we show that DDR1 exists as a disulfide-
linked dimer in transfected as well as endogenously expressing
cells. This dimer formation occurred irrespective of its kinase
domain, as dimers were also found for the truncated DDR1d
isoform. A deletion analysis of the extracellular domain showed
that DDR1 mutants lacking the stalk region failed to form
dimers, whereas deletion of the discoidin domain did not pre-
vent dimerization. Point mutagenesis within the stalk region
suggested that cysteines 303 and 348 are necessary for dimeriza-
tion, collagen binding, and activation of kinase function. The
identification of DDR1 dimers provides new insights into the
molecular structure of receptor tyrosine kinases and suggests
distinct signaling mechanisms of each receptor subfamily.

Discoidin domain receptors (DDRs)® are a subfamily of
transmembrane collagen-binding receptor tyrosine kinases
(RTK). DDRs are distinguished from other RTKs by a discoidin
domain in their extracellular region, which functions as a lectin
in the slime mold Dictyostelium discoideum (1). There are two
genes that code for DDRs in humans, DDR1 and DDR2 (2). Each
DDR contains an extracellular region containing the ligand-
binding discoidin domain, a stalk region, a single transmem-
brane region, as well as a cytoplasmic domain consisting of a
juxtamembrane region and a tyrosine kinase domain.

Through alternative splicing in the juxtamembrane or kinase
domain of the human gene, at least five isoforms DDRla—

* This work was supported in part by grants from the Association for Interna-
tional Cancer Research, the National Cancer Institute of Canada, and the
Canada Research Chair Program (to W.F.V.). The costs of publication of
this article were defrayed in part by the payment of page charges. This
article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

T This paper is dedicated to the memory of the scientific integrity, passion,
and dedication of Wolfgang Vogel who died suddenly December 5, 2007,
while at the peak of his career.

" To whom correspondence should be addressed: Dept. of Laboratory Medi-
cine and Pathobiology, Faculty of Medicine, University of Toronto, Banting
Institute, 100 College St., Rm. 110, Toronto, Ontario M5G 1L5, Canada.
E-mail: rahim.abdulhussein@utoronto.ca.

2 Supported by the Premiers’ Research Excellence Award program.

3The abbreviations used are: DDR, discoidin domain receptor; ELISA,
enzyme-linked immunosorbent assay; RTK, receptor tyrosine kinase; EGFR,
epidermal growth factor receptor; PBS, phosphate-buffered saline; HA,
hemagglutinin.

12026 JOURNAL OF BIOLOGICAL CHEMISTRY

DDR1e are generated (3). The longest DDR1 transcript codes
for the c-isoform with 919 amino acids. Compared with the
c-isoform, the a-isoform lacks 37 amino acids in the juxtamem-
brane region, and the b-isoform lacks six amino acids in the
kinase domain because of alternative splicing (4, 5). The DDR1d
and e-isoforms are truncated variants that either lack the entire
kinase region (d-isoform) or parts of the juxtamembrane region
and the ATP-binding site (e-isoform (3)). A sixth isoform lack-
ing parts of the extracellular domain has been described from
rat testis (6).

DDRI1 is expressed in a variety of cell types and tissues, spe-
cifically in the mammary gland, brain, kidney, lung, and colon
mucosa and has been isolated from several carcinoma cell
lines, including MCF7 mammary carcinoma cells, ovarian,
lung, and esophageal cancer cells, and primary pediatric
brain tumor samples (for review see Ref. 2). Immune cells,
including macrophages, vascular smooth muscle cells, as
well as oligodendrocytes also express DDR1 (7-10). From
experiments with cultured cells, it was found that DDR1 reg-
ulates cell migration and branching morphogenesis within
collagen-rich matrices (11, 12).

To address the role of DDR1 in an entire organism, gene
targeting was used to generate DDR1-null mice. Homozygous
mutant animals are smaller in size than control littermates and
present with an altered renal basement membrane (13, 14). The
majority of DDR1-null females are unable to bear offspring
because of defects in blastocyst implantation. Those null
females that are able to give birth are unable to lactate, a defect
caused by abnormal branching and differentiation of the mam-
mary epithelium (13, 15).

The ligands for DDR1 include various types of native colla-
gen (16, 17). Maximal activation of DDR1 requires up to 18 h of
collagen stimulation leading to phosphorylation of several cyto-
plasmic tyrosine residues (12, 18 —20). The presence of the dis-
coidin domain in DDR1 has been shown to be the essential
region for collagen binding, and specific residues within the
discoidin domain that interact with collagen were identified
(21-23). Recently, the structure of the DDR2 discoidin domain
has been solved by NMR studies, but such information is as yet
not available for DDR1 (24).

In extension of the current model of RTK signaling, it was
hypothesized that activation of DDR1 also involves ligand-in-
duced dimerization (25). However, to date, the validity of this
ligand-induced RTK dimerization model for DDR1 in particu-
lar has not been verified.

In this study, we report the presence of disulfide-linked
DDR1 dimers, which potentially contribute to receptor traf-
ficking and ligand-induced receptor activation. We also assess
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the importance of the stalk region of DDR1, and we found that
two cysteines in the stalk region are critical for dimerization.

EXPERIMENTAL PROCEDURES

Cell Culture and Protein Expression—Human embryonic
kidney 293 cells and human breast carcinoma MCF-7 and
T-47D cells were purchased from the American Tissue Culture
Collection and cultivated under the recommended conditions.
MCE-7 cells were stably transfected with a mammalian expres-
sion vector pIRES-Neo containing the FLAG-tagged human
c¢DNA of DDR1 isoforms a and d. Cells were transfected using
Lipofectamine 2000 (Invitrogen) and stably expressing clones
isolated. Semi-confluent 293 cells were transfected by calcium
phosphate precipitation with 10 ug of plasmid DNA per 10-cm
dish. The medium was replaced with serum-free Dulbecco’s
modified Eagle’s medium 18 h after transfection. Twenty four
hours later, cells were stimulated with 10 wg/ml rat tail type I
collagen (BD Biosciences). Fifteen to 90 min after stimulation,
cells were lysed using either Triton X-100 lysis buffer for West-
ern blotting or Tween 20 lysis buffer for ELISA (each containing
1% detergent, 0.1% SDS, 150 mm NaCl, 5 mm EDTA, 50 mm
Tris-HCI (pH 7.5), 10 mm NaF, 1 mm phenylmethylsulfonyl
fluoride, 1 mMm sodium orthovanadate, 10 pg/ml aprotinin). For
immunoprecipitation, 293 cells were transfected with plasmids
coding for HA-tagged DDR1a and DDR1d. After stimulation,
cells were lysed, and immunoprecipitation was performed
overnight at 4 °C using an HA-specific monoclonal antibody
and protein G-Sepharose (Sigma).

Western Blotting—Prior to Western blot analysis, protein
concentration of cell lysates was quantified using the D_ protein
assay (Bio-Rad), and equal amounts of each sample were boiled
in either reducing Laemmli buffer (187.5 mm Tris-HCI (pH 6.8),
6% SDS, 30% glycerol, 0.01% bromphenol blue, 15% -mercap-
toethanol) or nonreducing Laemmli (lacking B-mercaptoeth-
anol). Samples were subjected to SDS-PAGE on 7.5% poly-
acrylamide gels. Proteins were transferred to nitrocellulose
membrane (Schleicher & Schuell) and immunoblotted using
antibodies diluted 1:1000 (monoclonal anti-phosphotyrosine,
4G10 (Upstate Biotechnology, Inc.), anti-HA, or anti-FLAG
(Sigma)) or 1:500 (anti-DDR1 C-terminal antibody, Santa Cruz
Biotechnology) overnight in NET-Gel (50 mm Tris-HCI (pH
7.5), 150 mm NaCl, 5 mm EDTA, and 0.5% gelatin). Western
blots were incubated with mouse and rabbit peroxidase-cou-
pled secondary antibodies, respectively (Bio-Rad), and
enhanced chemiluminescence (Amersham Biosciences). For
re-probing, the membranes were stripped in 70 mm Tris-HCl
(pH 6.8), 2% SDS, 0.1% B-mercaptoethanol at 50 °C for 15
min and blocked for 1 h at room temperature.

Site-directed Mutagenesis—Point mutations were intro-
duced into the DDR1b ¢cDNA by PCR using the QuikChange
site-directed mutagenesis kit (Stratagene). Point mutations
were introduced to make the following single amino acid
changes: C289S, C303S, and C348S (primer sequences are
available upon request). The numbering refers to full-length
DDRI1, including its signal peptide. All constructs were
sequenced to verify the presence of the respective mutation.
The deletion mutants lacking the discoidin domain or stalk
region were described previously (21).
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ELISA—Type I collagen was diluted in phosphate-buffered
saline (PBS) to a concentration of 50 ug/ml and added to
96-well microtiter plates (50 ul/well). Plates were incubated for
1 h at room temperature and washed twice with PBS. Wells
were blocked with 150 ul of 1 mg/ml bovine serum albumin in
PBS containing 0.05% Tween 20 for 1 h. Wells were washed
once with 150 ul of wash buffer (0.5 mg/ml bovine serum albu-
min in PBS containing 0.05% Tween 20). DDR1-transfected 293
cells were lysed with Tween 20-based lysis buffer, and lysate was
added to each well and incubated at room temperature over-
night (lysates were normalized for DDR1 expression by West-
ern blot analysis prior to ELISA). Wells were washed six times
with wash buffer. 50-ul aliquots of diluted anti-DDR1 C-termi-
nal antibody (1:500 dilution in wash buffer) were added and
incubated for 90 min. Wells were washed six times with wash
buffer and incubated with horseradish peroxidase-linked anti-
rabbit secondary antibody for 90 min. Bound protein was
detected using 75 wl/well of 0.5 mg/ml o-phenylenediamine
dihydrochloride (Sigma) in 50 mw citrate-phosphate buffer (50
mM sodium citrate and 0.1 M sodium phosphate, pH 5.0) with
0.012% hydrogen peroxide. After 30 min at room temperature,
the reaction was stopped using 50 ul/well of 3 M sulfuric acid.
Plates were analyzed in an ELISA reader at 490 nm; buffer only
values were subtracted, and normalized values were subjected
to statistical analysis using Student’s ¢ test as calculated by
Microsoft Excel. p values are indicated where applicable. All
experiments were performed in triplicate.

Collagen-agarose Affinity Purification—For total cell lysates
of transfected 293 cells expressing wild type DDR1b, each Cys-
Ser mutant and control-transfected cells were normalized for
DDR1 expression by Western blotting and incubated overnight
at 4 °C with collagen-linked Sepharose beads (Sigma) in HNTG
buffer (20 mm HEPES (pH 7.5), 150 mm NaCl, 0.1% Triton
X-100, 10% glycerol). Samples were washed three times with
HNTG, boiled in Laemmli buffer, and subjected to SDS-PAGE
followed by Western blotting. Bound material was detected
using anti-DDR1 C-terminal antibody and secondary anti-rab-
bit horseradish peroxidase.

Cell Surface Biotinylation—293 cells were transfected with
wild type DDR1b or the Cys-Ser mutants as outlined above.
Cells were washed with PBS, incubated with 0.5 mg/ml sulfo-
NHS-biotinate (Pierce) in PBS at 4 °C for 30 min, and washed
three times with PBS containing 100 mm glycine. Cells were
pelleted, lysed in RIPA buffer containing protease inhibitors,
and centrifuged at 15,000 X g at 4 °C for 15 min. Four hundred
pg of total lysates were incubated with streptavidin-Sepharose
beads overnight at 4 °C. Beads were subsequently washed four
times with RIPA buffer, boiled in Laemmli buffer, and subjected
to SDS-PAGE followed by Western blotting.

RESULTS

Previous work showed that the full-length DDR1 isoforms a
and b are expressed as ~125-kDa proteins in a number of dif-
ferent cell types, including breast epithelial cells (Fig. 1) (5, 16).
To test whether DDR1 forms disulfide-linked dimers, human
embryonic kidney 293 cells were transiently transfected with
the b-isoform of DDR1 or a vector-only control, stimulated
with type I collagen for 90 min, and lysates analyzed by PAGE
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FIGURE 1. Schematic diagram of various DDR1 receptor isoforms and
mutant constructs. The domain organization of the a-, b-, and d-isoform are
shown as well as several of the deletion and point mutations within the extra-
cellular domain used for this study.
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FIGURE 2. DDR1b forms covalent dimers. A, 293 cells were transiently trans-
fected with DDR1b or an empty plasmid (control) and stimulated with type |
collagen (col) for 90 min. Using an antibody specific for the C terminus of
DDR1, Western blot analysis of gels run under reducing conditions (left panel)
detected DDR1b as a monomeric protein (arrow), whereas under nonreduc-
ing conditions (right panel), DDR1b was present as both a monomer (arrow)
and a dimer (chevron). B, T-47D cells that endogenously express DDR1b were
stimulated with collagen for 18 h and lysates analyzed by Western blotting
under reducing (left panel) and nonreducing conditions (right panel). The
experiments were performed three times, and representative data are shown.

under reducing or nonreducing conditions. Western blot anal-
ysis was performed using an antibody specific to the C terminus
of DDR1. Although DDR1 was expressed as single 125-kDa
band in the presence of B-mercaptoethanol, an additional band
of ~250 kDa was found in the absence of the reducing agent
(Fig. 2A). Quantification of these bands indicated that ~20% of
total DDR1-immunoreactive protein is found as 250-kDa
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FIGURE 3. The monomer to dimer ratio varies between different DDR1
isoforms. MCF7 cells stably transfected with DDR1a-FLAG and DDR1d-FLAG
were stimulated with collagen for 18 h and lysed. DDR1 expression was
detected by the monoclonal anti-FLAG antibody (1:1000 dilution). A, DDR1a
was detected as a monomer (125 kDa, arrow) under reducing conditions and
as both a monomer and dimer (250 kDa, chevron) under nonreducing condi-
tions irrespective of collagen (Col) stimulation. B, DDR1d was detected as a
monomer (75 kDa, arrow) under reducing conditions and as both a monomer
and dimer (150 kDa, chevron) under nonreducing conditions irrespective of
collagen stimulation. These experiments were carried out a minimum of
three times and very similar results obtained.

entity. Stimulation with collagen did not notably affect the ratio
of 125- versus 250-kDa protein. To test whether the proposed
dimer was present in cells expressing DDR1 endogenously,
lysates from human breast carcinoma T-47D cells were exam-
ined under reducing and nonreducing conditions. In agree-
ment with the data from 293 cells, DDR1 was detected as a
125-kDa monomeric protein under reducing conditions and as
both a monomer and 250-kDa dimer under nonreducing con-
ditions (Fig. 2B).

DDR1a and -d were transiently transfected in 293 cells or
stably transfected into human breast carcinoma MCF-7 cells
(Fig. 1). This was done to determine whether DDR1 covalent
dimer formation is also found other than just with the b-iso-
form. As for DDR1b, dimers of DDR1a and -d were detected by
Western blotting of MCF-7 lysates analyzed under nonreduc-
ing conditions (Fig. 3). Although the ratio of monomer to dimer
for DDR1a was similar to the ratio of DDR1b (Fig. 2A), there
was around 40% of total DDR1d found as dimer (Fig. 3B). Sim-
ilarly to DDR1a or -b, the ratio of DDR1d monomer to dimer
was not altered upon collagen exposure. These data suggest
that the kinase domain, which is present in both a- and b-iso-
forms but absent in DDR14d, is not necessary for covalent link-
age, and that DDR1 dimerization is likely mediated by the jux-
tamembrane, transmembrane, and/or extracellular regions. To
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investigate whether DDR1 could form heterodimers consisting
of different isoforms, epitope-tagged DDR1a and d-isoforms
were co-transfected using FLAG-tagged DDRla and
HA-tagged DDR1d. We found that these isoforms did not form
covalently linked heterodimers, nor did they alter the monomer
to homodimer ratio of each individual isoform (data not
shown). These findings are in agreement with previous studies
that failed to show interaction between full-length and trun-
cated DDR1 isoforms (3).

Next, we asked the question whether dimeric DDR1 is phos-
phorylated upon collagen stimulation. To test this, we trans-
fected 293 cells with plasmids coding for HA-tagged DDR1a
and DDR1d and stimulated cells with collagen for 90 min. Anti-
phosphotyrosine Western blot analysis of total lysates on non-
reducing SDS gels revealed that the 250-kDa dimeric DDR1a
entity is indeed phosphorylated upon ligand stimulation (Fig.
4A). To further confirm the identity of the 250-kDa band, we
used lysates from 293 cells transfected with HA-tagged DDR1a
and DDR1d for immunoprecipitation, followed by nonreduc-
ing gel electrophoresis (Fig. 4B). Anti-phosphotyrosine West-
ern blotting revealed phosphorylated 125- and 250-kDa DDR1a
species, in a ratio comparable with the one observed with total
lysates (Fig. 44). Equal expression of DDR1a or -d was con-
firmed by reprobing with an HA-specific antibody (Fig. 4, A and
B, right panels) and by additional Western blot analysis of total
lysates separated by reducing gel electrophoresis (not shown).

To further define a particular region of DDR1 that may be
responsible for dimer formation, we employed deletion
mutants, which either lack the discoidin domain (Fig. 1, A32—
185) or the stalk region (A7199-412) (21). Under reducing con-
ditions, monomeric receptor species were detected at 125 kDa
for full-length DDR1b, at 100 kDa for the A32—-185 mutant, and
at 80 kDa for A199 —412 (Fig. 5A). As detailed previously, both
deletion mutants have lost the ability to undergo collagen-me-
diated kinase activation (21). Importantly, under nonreducing
conditions, additional bands corresponding to dimers were
detected for full-length DDR1 (250 kDa) and A32-185 (200
kDa) but not for the A199 -412 (expected at 160 kDa) mutant
(Fig. 5B). This finding suggests that a sequence within the stalk
region is necessary for the dimerization of DDR1.

To explore this observation further, we identified a total of
three cysteines at position 289, 303, and 348 in the stalk region
(Fig. 1). These are a total of seven cysteines in the extracellular
domain of DDRI. Four cysteines are located in the discoidin
domain and are suggested to be disulfide-linked based on our
studies using molecular modeling (22). Site-directed mutagen-
esis was performed to introduce single amino acid exchanges
switching each cysteine in the stalk region to serine. The result-
ing mutant constructs were expressed in 293 cells and total
lysates subjected to SDS-PAGE under reducing or nonreducing
conditions. Anti-phosphotyrosine Western blotting of reduc-
ing gels showed strong ligand-triggered phosphorylation of
wild type DDR1 and C289S mutant, but no signal was detected
for the C303S and C348S mutants (Fig. 6, A and B). In the
absence of B-mercaptoethanol, DDR1 dimers (250 kDa) were
detected for wild type DDR1a and for the C289S mutant but not
for C303S and C348S mutants suggesting that switching these
residues to serines affected the dimerization of the receptor
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FIGURE 4. DDR1 dimers are tyrosine-phosphorylated upon collagen stim-
ulation. 293 cells were transfected with DDR1a-HA, DDR1d-HA, or control
vector and stimulated with 10 ug/ml type | collagen (Col) for 90 min. A, equal
amounts of total cell lysates were resolved by nonreducing gel electrophore-
sis and Western blots probed with anti-phosphotyrosine (Py) antibody (left
panel) and reprobed with anti-HA antibody (right panel). Arrows point to
monomeric DDR1a and DDR1d, and chevrons point to dimeric DDR1 forms,
respectively. B, cell lysates were subjected to anti-HA immunoprecipitation,
and the presence of tyrosine-phosphorylated, dimeric DDR1a was confirmed
by anti-phosphotyrosine Western blotting (left panel). The asterisks indicate a
nonspecific band, likely IgG oligomers, that showed cross-reactivity under
nonreducing conditions. The reprobe of the same blot with anti-HA antibody
is shown on the right panel. A set of data representative for two repeats of
these experiments is shown.

(Fig. 6C). Furthermore, we noted on Western blots obtained
from nonreducing gels that C303S and C348S were expressed
somewhat lower than wild type DDR1 or C289S (Fig. 6D).
These data suggest that the cysteines at position 303 and 348
are involved in covalent dimerization and/or ligand-induced
receptor activation.

To verify these differences in the DDR1-collagen interaction,
we assessed the ability of the stalk region cysteine mutants to
bind collagen in vitro. First, a collagen-binding assay was per-
formed where a collagen I-coated 96-well microtiter plate was
incubated with cell lysates normalized for equal amounts of
wild type DDR1, C289S, C303S, or C348S (Fig. 7A). We found
that wild type and C289S bound to immobilized collagen at
comparable levels, whereas C303S and C348S mutants had a
significantly lower affinity, relative to wild type DDR1 (p <
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FIGURE 5. The stalk region of DDR1 is essential for dimerization. Human
embryonic 293 cells were transiently transfected with full-length DDR1b, a
DDR1b mutantlacking the discoidin domain (A32-185), or DDR1b lacking the
stalk region (A799-412). DDR1 phosphorylation was detected under reduc-
ing (A) or nonreducing conditions (B) and blots reproved with a DDR1 C-ter-
minal antibody. Dimers were detected for wild type DDR1b (250 kDa) and the
A32-185 mutant (200 kDa), but not for the A199-412 construct (expected
size is 160 kDa). Collagen-induced DDR1 dimer phosphorylation was only
found for the wild type, but not for either of the deletion mutants. Col, colla-
gen; pY, anti-phosphotyrosine.

0.001). Second, lysates from transfected cells were incubated
with agarose beads that are coupled with type I collagen.
DDR1b and C289S constructs bound to collagen-agarose beads
equally well, whereas C303S and C348S mutants had no detect-
able affinity (Fig. 7B). Therefore, mutations at position Cys-303
or Cys-348 in the stalk region of DDR1 appear to change the
topology of the receptor rendering it incapable of binding to
collagen. As we noticed that C303S and C348S mutants ran at a
slightly lower molecular weight on SDS-PAGE than the wild
type (Fig. 6B), we wanted to confirm that both mutants undergo
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similar post-translational modification. Treating transfected
cells with tunicamycin, an inhibitor of protein glycosylation
(26), showed that all three cysteine mutants had a glyco moiety
comparable with the wild type (data not shown). At this time,
however, we cannot rule out that these mutants could be differ-
entially glycosylated compared with wild type DDRI1. Further-
more, the inability of the C303S and C348S mutants to be
activated by collagen could be attributed to incorrect cellular
trafficking. Therefore, we performed surface biotinylation
and found that cell surface localization of neither C303S nor
C348S is impaired compared with the wild type or C289S
mutant (Fig. 7, C and D).

In conclusion, our data provide evidence for the existence of
a disulfide-linked, dimeric form of DDR1 in human cells, which
is activated upon collagen stimulation. We further show that
two cysteines in the stalk region of the receptor are most likely
necessary not only for the formation of covalent dimers but also
for proper receptor post-translational maturation.

DISCUSSION

Data presented here are the first to report that DDR1 exists as
disulfide-linked dimers. These dimers are found in cells trans-
fected with DDR1 as well as in epithelial cells endogenously
expressing DDR1. The three major isoforms of DDRI, -a, -b,
and DDR1d, all demonstrated covalent dimerization. The ratio
of monomers to dimers was similar between DDR1la and
DDR1b, whereas DDR1d showed a greater proportion of
dimers. Because DDR1d does not contain the tyrosine kinase
domain, our data suggest a role for this region in regulating the
extent of dimerization.

In exploring the DDR1 dimer formation in more detail, we
found that dimers do not form in the absence of the stalk region.
Upon further analysis of the stalk region, mutation of cysteines
303 or 348 to serine resulted in a receptor that did not form
covalent dimers and was no longer activated upon ligand stim-
ulation. In addition, C303S and C348S mutants were unable to
bind collagen in either an ELISA or a solid phase binding assay.
On nonreducing gels, the expression level of these two mutants
was somewhat reduced compared with C289S or the wild type
receptor (Fig. 6D), possibly indicating altered cellular matura-
tion and/or trafficking.

Several previous studies on the mechanism of DDR signaling
provided a basis for this study. Curat et al. (21) examined the
role of the discoidin domain and the stalk region for DDR1
activation and collagen binding. Although the discoidin
domain was essential for the interaction with collagen, omis-
sion of the stalk region resulted in DDR1 molecules still being
able to bind to collagen. Conversely, deletion of the discoidin
domain resulted in a receptor species that could neither bind to
nor be activated by collagen. Additional mechanistic evidence
for DDRI1 signaling was obtained using an F_ affinity-tagged
construct of the DDR1 ectodomain (23). It was shown that
DDRI1 recognized collagen only as a dimeric and not as a mono-
meric construct, indicating a requirement for noncovalent
receptor dimerization in DDR1-collagen signaling. Further-
more, the expression of recombinant discoidin as well as
ectodomain in insect cells revealed that the ectodomain had an
about 10-fold higher affinity to collagen than the discoidin
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domain alone (22). Following completion of this study, Noor-
deen et al. (27) reported on the formation of DDR1 dimers as
well. Using chemical cross-linking and immunoprecipitation,
these authors found ligand-independent DDR1 dimers and
monomers in aratio very similar to this study. In contrast to this
study, they failed to identify any cysteine residues in the stalk
region responsible for dimer formation. Based on bacterial
expression of the isolated DDR1 transmembrane region, Noor-
deen et al. (27) proposed that a leucine zipper motif within this
region might facilitate DDR1 dimer formation.

Members of the RTK family are believed to adhere to a sim-
ilar activation model, the ligand-induced RTK dimerization
and activation model. In this model, ligand binding to the extra-
cellular domain of the RTK leads to conformational changes
that induce and stabilize receptor dimerization, leading to
increased kinase activity and trans-phosphorylation of tyrosine
residues (reviewed in Ref. 28). However, more recent work sug-
gested that specific subgroups of RTKs possess unique modes
of activation. Of all RTKs, the EGFR and insulin receptor sub-
family have been most intensely investigated; however, the
actual contribution of individual receptor domains to dimeriza-
tion and activation is still very much under debate (29, 30). It is
believed that EGFR and the three other members of the ErbB
family are monomeric in resting cells. Binding of growth factors
induces homo- or heterodimerization leading to trans-auto-
phosphorylation and activation of numerous downstream sig-
naling pathways (31). Dimerization is a transient event, and
several cellular mechanisms are in place to auto-inhibit or rap-
idly down-regulate ErbB signaling in nontransformed cells (32).
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FIGURE 6.Cys-303 and Cys-348 residues in the stalk region are critical for the activation and dimerization
of DDR1. DDR1b wild type and point mutants on cysteines 289, 303, or 348 were expressed in 293 cells and
stimulated with collagen (Col) for 90 min. Cell lysates were analyzed under reducing and nonreducing condi-
tions. A, probing a Western blot from reducing gel with anti-phosphotyrosine (PY) antibodies was first used to
assess DDR1 activity, followed by anti-DDR1 (C-terminal antibody) blotting (B). DDR1b wild type and C289S
were activated upon collagen stimulation, whereas C303S and C348S were not. C and D, dimeric DDR1 was
detected for wild type and the C289S mutant but not C303S and C348S mutants.

ic interaction (34).

For the EGFR, it was found that
preformed dimers included ~10%
of the total receptor detected in the
absence of ligand; however, no
covalent linkage has been shown for
these dimers as yet (35). Although
these dimers comprise a relatively
small fraction of the cell’s total
EGFR amount, they closely re-
flected our results for DDR1 where
about one-tenth of receptors
formed ligand-independent dimers
in endogenously expressing cells. It
has been reported previously that
EGFRs appear in two different affin-
ity classes on the cell surface as follows: 2—5% of the receptors
bind epidermal growth factor with high affinity, whereas
92-95% bind with lower affinity (36). The affinity classes are
thought to represent different receptor conformations and/or
states of oligomerization. Although unconfirmed, it is tempting
to speculate that the high affinity receptors may be identical to
these EGFR dimers. The presence of pre-formed dimers may be
of particular importance in cells that express EGFR at low levels
on the cell surface. Although it is possible that the presence of
ligand-independent DDR1 dimers may mediate more efficient
signaling in terms of the time necessary for individual receptors
to find partners, the activation time line of DDR1 differs signif-
icantly from the EGFR. DDR1 achieves maximal phosphoryla-
tion between 1.5 and 18 h after collagen stimulation, whereas
the EGFR can demonstrate significant phosphorylation less
than 1 min after ligand stimulation. Therefore the physiological
function of DDR1 dimers may differ from that of EGFR dimers.

In contrast to the EGFR, the insulin receptor forms a
covalently linked tetramer. An insulin receptor precursor is
cleaved intracellularly into « and B subunits, of which the «
subunit localizes to the extracellular environment and binds
ligand, whereas the 8 subunit contains a short extracellular
region, a single transmembrane domain, and a cytoplasmic
region responsible for signal transduction (37). A disulfide
bond links the two subunits through amino acid Cys-647 in the
a subunit and Cys-872 in the B subunit. Dimer formation
between two a3 monomers requires the presence of at least one
of the following disulfide bonds: Cys-524, Cys-682, Cys-683, or
Cys-685 (38 —40). Dimerization of the insulin receptor takes
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FIGURE 7. DDR1 mutants C303S and C348S fail to bind to type | collagen.
A, lysates from transfected 293 cells were normalized for wild type DDR1,
C289S, C303S, or C348S expression, incubated with immobilized collagen |,
and detected by ELISA (C-terminal antibody). DDR1 and C289S bound to col-
lagen at comparable levels, whereas C303S and C348S mutants bound to
collagen significantly less, relative to wild type DDR1 (n = 3, p < 0.001).
B, normalized amounts of 293 cell lysates were mixed with collagen immobi-
lized on agarose beads. Bound material was detected by anti-DDR1 (C-termi-
nal antibody) Western blotting. Cand D, similar amounts of C303S and C348S
mutants are localized on the cell surface. Transfected 293 cells were surface-
biotinylated and lysed. Total protein (C) or streptavidin-Sepharose-bound
protein (D) was analyzed by anti-DDR1 (C-terminal) Western blotting. A set of
data representative for two repeats of these experiments is shown.

place in the endoplasmic reticulum as the endoplasmic reticu-
lum has an oxidizing environment, and the disulfide isomerases
and chaperones calnexin and calreticulin are present (41, 42).
The current model for insulin receptor activation proposes that
insulin induces a conformational change in the “inverted
V”-shaped extracellular domain of the receptor that causes the
two intracellular domains to move into closer proximity
thereby increasing receptor kinase activity. Potentially, analo-
gous changes in the orientation of dimeric DDR1 extracellular
domains are critical for ligand-induced kinase activation.
Based on our observation that point mutation of cysteines
303 or 348 abrogate the formation of covalent dimers, we pro-
pose that intermolecular disulfide linkage of these residues
causes DDR1 dimer formation, in a similar fashion as seen in
the insulin receptor. However, because no structural informa-
tion on the DDRI stalk region is presently available, it is
unknown whether dimerization is achieved by linking identical

12032 JOURNAL OF BIOLOGICAL CHEMISTRY

(303-303 and 348-348) or nonidentical (303-348 and 348-303)
residues. Importantly, the reduced ability of the C303S and
C348S compared with the C289S mutant to bind to collagen in
vitro (Fig. 7B) suggests that these cysteines need to be in an
oxidized state to allow proper domain folding and/or trafficking
to the plasma membrane. Based on the slightly lower apparent
molecular weight of these two cysteine mutants, currently we
cannot exclude the possibility that altered intracellular matura-
tion and processing contribute to the effects we observed here.
In summary, our current model of DDR1 receptor maturation
suggests that Cys-303 and Cys-348 require either inter- or
intramolecular linkage to allow full processing through the
endoplasmic reticulum and trafficking to the membrane.
Finally, the third cysteine in the stalk region of DDR1, Cys-289
may reside as reduced sulfthydryl group, most likely buried
within the stalk folding domain. Compared with DDR1, similar
mutational studies of the insulin receptor revealed notable dif-
ferences. Mutations made to the four cysteines responsible for
insulin receptor dimerization (Cys-524, Cys-682, Cys-683, and
Cys-685) abolished covalent interaction; however, unlike
DDRI, the insulin receptor was still able to noncovalently
dimerize and transduce signal in the presence of insulin ligand
(41). In agreement with our findings for DDR1, it is of note that
about 10 times lower expression level has been reported for a
dimerization-deficient mutant of the insulin receptor, where
one of the cysteines was mutated not into a serine but a more
bulky tryptophan reside (C524W).

What roles could covalently linked DDR1 have? Such cova-
lent dimers could represent a “primed” state that facilitates
accelerated ligand recognition and formation of higher order
receptor clusters, which may be necessary for receptor activa-
tion and phosphorylation of noncovalently linked dimers.
However, it may also be possible that DDR1 transduces signals
through a mechanism independent of phosphorylation/kinase
activation. Of note, DDR1 has recently been shown to trigger
cytoskeletal responses leading to enhanced cell migration (8,
12). Conformational changes of the receptor folding induced by
ligand binding to covalently linked dimers may result in trans-
duction of a mechanical signal with more immediate effects
than phosphorylation. Future studies involving inhibition of
DDR1 ligand-independent dimer formation in migrating cells
will help to test this as a potential role of dimers.

A detailed understanding of homo- and heterodimerization
of the ErbB family or the mechanistics of insulin receptor func-
tion were instrumental for the development of specific ligand
analogues or blocking reagents, which are now cornerstones in
a targeted therapy of many disease entities (43, 44). With a
better understanding of the mechanism of dimerization, ligand
binding, and activation, similar applications can be envisioned
for DDR1.
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