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ABSTRACT: The extracellular, ligand binding regions of ErbB receptors consist of four domains that can
assume at least two alternative conformations, extended and locked. The locked conformation, observed
in several crystal structures, is held together by a noncovalent intramolecular tether and is incompatible
with current models for receptor dimerization and ligand activation. Based on structures of ligand-receptor
complexes in the extended conformation, the high affinity ligand binding pocket between domains I and
III is disrupted in the locked conformation. Therefore the biological role of the locked conformation is
not clear. To address the impact of the locked conformation on ligand binding, we compared extracellular
domains of wild-type ErbB3, mutant domains in a constitutively locked or extended conformation and
partial extracellular domain constructs. We found that the constitutively locked receptor domains and
truncated constructs carrying only domains I-II or III -IV strongly bind ligand, albeit with reduced affinity
compared to wild-type receptor. This suggests that the locked conformation cannot be discounted for
ligand binding. The significant binding by both partial interfaces in domains I and III also suggests that
“partial bivalency” may be the reason for the low nanomolar and high picomolar binding observed for
ErbB3 in the respective “low” and high affinity states. In contrast to EGFR (ErbB1), ErbB3 retains high
ligand binding affinity at an endosome-comparable pH in both the extended and locked conformations.
Ligand affinity for the locked conformation even improves at low pH. For ErbB3, the contribution of
domain I to ligand binding is strong and increases at low pH while its contribution is thought to be
minimal for EGFR, regardless of pH. This shift in domain contribution and pH dependency provides a
mechanistic explanation for some of the divergent properties of EGFR and ErbB3.

Signaling by ErbB receptors involves the ligand-induced
activation of dimeric complexes of receptors. In the case of
ErbB3, binding of the EGF-like ligand heregulin (neuregulin)
results primarily in the activation of dimers of ErbB2 and
ErbB3 and leads to tyrosine phosphorylation of the cyto-
plasmic portions of both receptors. Of the various receptor
combinations that can form among the four human ErbB
receptors, the signaling through the ErbB2-ErbB3 receptor
combination represents the most potent promitotic signal (1),
utilizing the strong ligand binding properties of the kinase
deficient ErbB3 and the potent kinase activity of ErbB2,
which by itself is deficient in ligand binding (2, 3).
Overexpression and constitutive activation of ErbB2 can be
found in several types of cancers (4-8), and the proliferative
effects of overexpression are further enhanced by elevated
levels of ErbB3.

The mechanism by which the activity of ErbB receptors
is controlled has received renewed attention, and much of
the current knowledge has been derived from EGFR, which

has traditionally served as a model for most aspects of ErbB
signaling. Activation was long thought to be primarily
controlled by ligand-induced dimerization. However, while
dimerization is essential for tyrosine phosphorylation, several
lines of evidence suggest that the receptors can dimerize in
the absence of ligand (9-13). Furthermore, the kinase
domain of EGFR has long been known to be unique in that
its activation loop does not require phosphorylation of a
critically conserved tyrosine (14), and its crystal structure
confirmed that the activation loop can indeed adopt the active
conformation without the need for phosphorylation (15). This
suggests that the key question for ErbB signaling may not
be how the receptors can be activated, but how their
constitutive activity can be suppressed in the absence of
ligand. In the case of EGFR, signaling has also been shown
not to be limited to the cell surface. Receptor activation and
signaling to downstream components can occur from en-
docytosed receptors (16, 17), and experiments using delayed
activation have demonstrated that signaling initiated from
endosomes is sufficient to activate key downstream pathways
(18).

Crystal structures of the extracellular domains (ECD) of
the homologous EGFR in the presence of ligand have
provided insight into the ligand binding and dimerization
interface of the activated receptor (19, 20). The ECD of ErbB
receptors consists of four domains (Figure 1) with high
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homology between domains I and III (light and dark green
in Figure 1) as well as II and IV (light and dark blue in
Figure 1). Biochemical and structural evidence support a
model of a ligand binding pocket formed between domains
I and III (critical residues for the interaction of EGF with
EGFR are outlined red in Figure 1). Within this common
structural framework, the exact contribution by domain I
versus III to ligand binding may differ for different receptors
in this family.

The crystal structure of the dimer of the extracellular
domains of EGFR with bound ligand demonstrated that the
ligand is placed on the outside of the dimer and does not
mediate dimerization directly. Instead dimerization involves
a critical loop in domain II of each receptor (marked by a
white circle in Figure 1), which interacts with domain II of
the second receptor in a symmetrical fashion. Mutational

analysis of this loop has confirmed its role in ligand-induced
activation showing impaired activation and faster ligand
dissociation from the mutated receptor (13, 21). A corre-
sponding loop in the homologous domain IV is believed to
be part of the dimerization interface as well, facilitating
symmetrical interactions of domain IV on both receptors.
However, domain IV was either absent or not resolved in
the crystal structure and hence its specific contribution to
interactions in receptor dimers is less clear. The crystal
structure of the ligand-free extracellular domains of ErbB2
has revealed a monomeric receptor in an extended conforma-
tion, largely corresponding to the overall arrangement of
domains in the structure of dimeric EGFR. This extended
conformation is believed to represent an ErbB2 receptor
predisposed to undergo dimerization (22-24).

In contrast to ErbB2 and ligand bound EGFR, the crystal
structure of the extracellular domains of ErbB3, solved in
the absence of its ligand heregulin, revealed a locked
conformation. In this locked or “tethered” conformation, the
two putative dimerization loops in domains II and IV instead
interact within the same receptor molecule (25). An equiva-
lent locked conformation has since been observed in a crystal
structure of the extracellular domains of EGFR (26) (Figure
1, top). In contrast to the structure solved for ErbB3 at pH
9.0, crystals for this structure were derived at pH 5.0 and
show ligand bound to domain I of EGFR.

Ligand binding to domain I has been observed previously
for the homologous ErbB3 receptor (27), and biochemical
and structural evidence for EGFR supports a mode of binding
with contacts to domains I and III (19, 20, 28, 29). However,
the main stabilizing interactions are thought to come almost
exclusively from domain III (30, 31). The binding to domain
I of EGFR at crystallization conditions and low pH is thought
to reflect the low affinity binding to this site (KD > 50 µM
(26)) under conditions in which the protonation of critical
histidines in the interface of domain III (dark red in CPK
representation of EGFR in Figure 1) renders this interface
nonfunctional (19, 26).

The formation of the intramolecular tether or lock,
observed for ErbB3 and EGFR, initially provided an attrac-
tive model for the control of ErbB receptors. In this model,
the lock is a critical feature needed to suppress constitutive
receptor dimerization and activation (26, 32, 33). However,
the formation of the intramolecular lock does not appear to
be the solution to the question of how to control the activity
of ErbB receptors with intrinsically active kinase domains.
Mutations in critical residues of the intramolecular lock in
EGFR have revealed only a minor role for the locked
conformation in the suppression of constitutive receptor
activation. For EGFR, lock deficient mutants show an
increase in high affinity binding sites and a decreased rate
of EGF dissociation, but no significant increase in constitu-
tive activation or differences in EGF induced signaling (13,
21).

For ErbB3, insight into the contribution of the locked and
unlocked states to receptor activation and association states
can be drawn from chimera of ErbB3 and ErbB2 (34). Such
chimera add the transmembrane span and catalytic activity
of ErbB2 cytoplasmic portions to the otherwise catalytically
inactive ErbB3. This fusion provides cytoplasmic tyrosine
phosphorylation as an additional readout for the changes
imposed by the ligand on the interactions of the extracellular

FIGURE 1: Relative orientation of the ligand binding sites in
domains I and III of EGFR (top), and nature of the locking tether
in wild-type and constitutively locked ErbB3 (bottom). Top: The
space filling diagram of the ECD of EGFR in the extended
conformation (20) (left) and the locked conformation (32) (right),
demonstrating the rotation and spatial separation of the ligand
binding interfaces in domains I and III as a result of the transition
from the extended to the locked form. Domain I (amino acids
1-190) is colored light green; domain II (amino acids 191-309)
is colored light blue; domain III (amino acids 310-500) is colored
dark green; domain IV (amino acids 501-622) is colored dark blue
(truncated in the structure of the extended conformation). The
residues that contact the ligand in the cocrystal structure are colored
red, and those that are histidines are colored dark red. The dashed
line represents the distance between L69 and Q384 at the center of
each interface. The white circle marks the position of the loop in
domain I positioned to engage another EGF receptor (left) or domain
IV in the intramolecular lock (right). Bottom: Interactions that
stabilize the locking tether in wild-type ErbB3 (left) and location
of the additional disulfide bridge in the constitutively locked ECDL

(right). Domain II is colored in light blue and domain IV in dark
blue. Dashed lines represent hydrogen bonds between H565 and
Q252, Y246 and K583, and D562 and K583. The additional
disulfide bridge between Y246C and V574C is colored in yellow.
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domains of ErbB3. The additional stabilization of dimers
provided by the transmembrane span of ErbB2 is critical for
function as comparable chimera with transmembrane spans
of ErbB3 fail to respond to ligand (35). Compared to chimera
with wild-type ECDs, the ligand independent activation of
constitutively extended chimeras is only marginally elevated.
This suggests an additional mechanism for the suppression
of constitutive activity, possibly involving alternative modes
of packing for the transmembrane spans of ErbB receptors
(36, 37), but leaves the function of the locked form of the
receptor unclear.

In an alternative approach to address the function of the
locked conformation in a cellular context, the stabilization
of the locked conformation has been attempted by engineer-
ing an additional disulfide bond. However, the analysis of
this double mutant has been complicated by the fact that the
extracellular domains of the wild-type receptor already
contains fifty disulfide-bridged cysteines and the correct
folding or formation of such constructs could not be verified
in a cellular setting (13). A small portion of receptors (<10%)
exhibited binding in the low nanomolar range but failed to
transition to a high affinity binding mode characteristic for
activated EGFR. However, other studies have concluded that
the locked or tethered conformation is unlikely to represent
the low affinity binding mode of EGFR (21). In the absence
of data that demonstrate the correct formation of the
engineered disulfide bridges, the available data on ligand
binding of receptors in the locked conformation remain
inconclusive. Therefore other strategies to assess the impor-
tance of the locked species were needed.

A key question for the biological relevance of the locked
conformation for ErbB receptors is whether the ligand
receptor interaction between domain I and EGF, observed
in the crystal structure of the locked conformation of EGFR,
is relevant for other receptors such as ErbB3. Truncated
constructs of ErbB3, consisting of domains I and II, show
relatively strong binding to ligand (67 nM compared to 2
nM for full-length ECDs) (27). This would suggest that the
interaction of ErbB3 with its ligand heregulin differs in
several key aspects from EGFR, namely, in the relative
contribution of domains to ligand binding. For EGFR, ligand
binding depends almost exclusively on domain III interac-
tions, and EGFR also differs from ErbB3 in the overall
strength of receptor ligand interactions. While binding
constants of EGF to the ECD of EGFR are in the range of
500 nM (30), the binding of heregulin to purified ECDs of
ErbB3 determined by different methods has been placed for
the majority of measurements at around 1-10 nM (Table
1). This relatively strong binding is considered to represent
the “low” affinity binding mode for the ErbB3 receptor, and
binding to ErbB3/ErbB2 heterodimers as well as tyrosine
phosphorylation response occurs in the high picomolar range
(38-40).

However, it is not clear if ligand binding to ErbB3 can
occur in the locked conformation, or if the conformation of
the locked species precludes all binding of the ligand at
physiologically relevant concentrations. A failure of the
locked ECD to bind ligand with appreciable affinity would
have mechanistic implications and would suggest that the
ligand can only bind to ECDs that have stochastically
assumed the extended conformation. Alternatively, if the
ligand is capable of binding with a competitive affinity to

either domain I or III under conditions in which the joint
binding pocket is disrupted, this would allow a “capture” of
the ligand in a reduced affinity mode, which is more likely
to transition to a higher affinity binding mode involving
interactions with both domains I and III. As a consequence,
this subsequent bivalent and stronger interaction with
domains I and III is likely to stabilize the extended and
dimerization-competent conformation.

In order to evaluate the ligand binding properties of the
locked species of ErbB3, we have created a constitutively
locked species of the ECD of ErbB3 that is secreted from
S2 cells and can readily be evaluated for stability, folding,
correct formation of the engineered disulfide bridge, and
ligand binding. Our analysis of the locked ECD shows
relatively high affinity for heregulin, comparable to the
isolated binding sites in domains I and III. The latter were
evaluated in constructs carrying domains I and II (ECDI-II )1

or III and IV (ECDIII -IV ) for solubility reasons. Surprisingly,
and in contrast to EGFR, binding of ligand by the locked
species of ErbB3-ECD improves with low pH and achieves
the highest binding affinity at pH 5.5. This is consistent with
the observation that the full-length ECD, in contrast to EGFR,
also retains ligand binding at lower pH. This increase in
affinity of the locked conformation at lower pH is best
mirrored by the binding behavior of ECDI-II but not
ECDIII -IV , consistent with our earlier observation that for
ErbB3, but not EGFR, domain I is a key contributor to ligand

1 Abbreviations: trx-hrg, fusion protein of thioredoxin and EGF-
like domain of heregulin; SPR, surface plasmon resonance; PBS,
phosphate buffered saline; ECD, extracellular domain; ECDI-II and
ECDIII -IV , truncated ECD consisting of domains I-II or III -IV,
respectively; ECDE, constitutively extended ECD; ECDL, constitutively
locked ECD; hrg, EGF-like domain of heregulin; trx-hrg, fusion protein
of thioredoxin and the EGF-like domain of heregulin.

Table 1: ErbB3-ECD in the Locked Conformation Binds Heregulin
with Comparable Affinity to the Domains I and IIIa

ErbB3
construct KD (pH 7.4) published [method] (ref)

ECD 5( 2 nM 5.4 nM (hrgâ1), 550 nM (hrgR) [PE] (51)
8.2 nM [PE] (52)
1.3 nM [SPR] (3)
2.3 nM [SPR] (27)
4.7 nM [PE] (53)
3.0 nM [PE*] (53)
26 nM [LS+SE] (54)
0.9 nM [IC] (55)
2 nM [COS] (39)
11 nM [COS] (56)
249 nM satSPR (57)

ECDE 1 ( 1 nM na
ECDL 52 ( 13 nM na
ECDI-II 49 ( 3 nM 67 nM [SPR] (27)
ECDIII -IV 9-90 nMb na

a Binding constants at pH 7.4 were derived arithmetically from
estimates of dissociation on- and off-rates, obtained in individual runs.
PublishedKDs are listed where available, and abbreviations represent
the following methods: [PE]) plate ELISA with immobilized receptor
or fusion and radiolabeled hrg; [PE*]) same as PE but naturally
occurring soluble and truncated ECD, missing the second half of domain
4; [LS+SE] ) light scattering and sedimentation equilibrium; [IC])
insect cells carrying only recombinant ErbB3; [COS]) COS cells
carrying only recombinant ErbB3; [satSPR]) saturation binding study
by SPR.b ECDIII -IV is the only construct for which large deviations
for its KD were obtained when measured at different ECD concentrations
(see Discussion).
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binding. This distinct ability of ErbB3 to retain ligand binding
at low pH may also have consequences on the ability of the
receptors to retain the ligand in sorting endosomes, and the
locked conformation may likewise play a more significant
role in the endosome compartment than the cell surface.

MATERIALS AND METHODS

Plasmids and Protein Purification.ErbB3-ECD cDNA
was cloned into the pMT/BiP/V5-His expression vector
(Invitrogen, Carlsbad, CA) as previously described (41). The
Y246C:V574C, V245C:A577C mutations and truncated
ECDI-II and ECDIII -IV constructs were generated using two-
step PCR and subsequently confirmed by sequencing. The
ECDI-II construct includes residues 1-309, and the ECDIII -IV

construct includes residues 310-610. Drosophila S2 cells
were cotransfected with the desired constructs and the
pCoHYGRO vector (Invitrogen) using Effectene reagent
(Invitrogen). Stable cell lines were obtained after three weeks
of selection with 300µg/mL hygromycin B (Invitrogen).
Cells were grown in serum-free media (Hyclone, Logan, UT)
and induced with 500µM CuSO4. The ECD constructs were
purified by Ni-NTA column chromatography as previously
described (41), dialyzed in phosphate buffered saline (PBS,
150 mM NaCl, 2.5 mM KCl, 81 mM Na2HPO4, 14.7 mM
KH2PO4), and judged>95% pure by SDS-PAGE. Human
heregulin-â 1 was generated as a fusion protein to the
C-terminus of thioredoxin (trx-hrg) in the pET-32a vector
(Novagen, Madison, WI) and expressed and purified from
Escherichia coliBL21 (DE3) as previously described (41).
The trx-hrg fusion protein has binding properties to the
ErbB3-ECD that are equivalent to the EGF-like domain of
hrg and carries an S-tag and hexa-histidine-tag, facilitating
purification and detection.

Circular Dichroism Spectroscopy.The CD spectrum of
wild-type ErbB3-ECD (2.5µM) and ECDL (1.75µM) in PBS
was measured on a JASCO J-715 spectropolarimeter (Easton,
MD). Each run was conducted at 20°C with a sensitivity of
20 mdeg at a resolution of 0.5 nm. The spectra are the result
of four consecutive and cumulative runs that spanned from
198 to 260 nm. Spectra of the sample buffer were used for
background subtraction. The spectra of both species were
normalized for concentration and smoothed using adjacent
averaging.

Analytical Ultracentrifugation. Sedimentation velocity
analysis on ErbB3-ECDL (0.30 mg/mL in PBS) was per-
formed in a Beckman Optima XL-A analytical ultracentrifuge
at 55,000 rpm and 20°C using absorption optics at 280 nm
and a 12 mm path length double sector cell. The sedimenta-
tion coefficient distribution was determined from ag(s) plot
using the Beckman Origin-based software (Version 3.01).
The peak sedimentation coefficient was corrected for density
and viscosity to anS20,w value using a value for the partial
specific volume at 20°C of 0.710, calculated from the amino
acid composition (42) and corrected to 20°C (43) and
carbohydrate content (44). Sedimentation equilibrium runs
were performed at 0.30 mg/mL ErbB3-ECDL in PBS at 20
°C and rotor speeds of 10,000, 12,000, and 15,000 rpm, again
using a Beckman Optima XL-A analytical ultracentrifuge
and absorption optics at 280 nm. A partial specific volume
of 0.712, calculated as described above, was used. Individual
scans were analyzed using the Beckman Origin-based

software (Version 3.01) to perform a nonlinear least-squares
exponential fit for a single ideal species to give the weight-
average molecular weight.

NatiVe Urea Gel Electrophoresis.ErbB3-ECD or ECDL

[2 µM] was incubated in PBS with 5% glycerol for 15 min
at 4 °C. A total of 1.6µg of protein was loaded on a 7.5%
Tris-HCl polyacrylamide gel containing 2 M urea. The
samples were subjected to electrophoresis in native running
buffer (12.5 mM Tris, 96 mM glycine, pH 8.7) at 4°C for
7 h at 70 mA and stained with coomassie blue. For native
gels without urea, ECDL [2 µM] was treated as above and
subjected to electrophoresis on 4-15% Tris-HCl gels (Bio-
Rad).

Mass Spectrometry.For MALDI-TOF analysis, working
solutions of ErbB3-ECD and ECDL (1µM, PBS) were diluted
1:1 withR-sinapinic acid (10 mg/mL, 70% acetonitrile, 0.1%
trifluoroacetic acid) and dried on a sample plate. The sample
was analyzed on a MALDI time-of-flight instrument
(Applied Biosystems, Voyager-DE STR, Foster City, CA)
in positive ion mode. For calibration purposes the working
solutions were plated on the matrix with BSA and cyto-
chrome C (Sigma) as internal standards.

CNBr CleaVage.The location of the additional disulfide
bond was confirmed by cyanogen bromide (CNBr) cleavage
of recombinant ErbB3-ECDs, followed by Western blot
detection of the C-terminal V5 epitope tag or direct
visualization after staining with SYPRO-ruby protein stain
(Molecular Probes, Eugene, OR). For CNBr cleavage,
purified ECDs (2µg) were treated with 5 mg CNBr (Sigma)
in 200 µL 70% formic acid. The reaction mixture was
incubated in the dark at room temperature for either 4 or 16
h. The cleavage reaction was terminated by adding two
volumes ofN-ethylmorpholine (Sigma) on ice followed by
acetone precipitation. Portions of the precipitated proteins
were subjected to separate SDS-PAGE analysis for either
direct staining with SYPRO Ruby or Western blot analysis
with anti V5 antibodies, conjugated to horseradish peroxidase
(Invitrogen, Carlsbad CA).

Surface Plasmon Resonance (SPR).Binding experiments
were performed with the surface plasmon resonance-based
biosensor instrument BIAcore 3000 (BIAcore AB, Uppsala,
Sweden) at 25°C. Trx-hrg (100 nM) in HEPES (25 mM,
pH 6.0) was immobilized on a BIAcore CM5 chip using
NHS/EDC amine coupling. Trx-hrg was coupled to flow cell
one, and ECD coupling was quenched with ethanolamine.
Flow cell two was modified only with ethanolamine, and
the final difference in response units (∆RU) between flow
cells was 1400. Injections at various different flow rates and
multiple protein concentrations were used to confirm that
mass transfer effects were minimal. The final measurements
presented in the figures were done in either duplicate (pH
dependency analysis) or triplicate (initial measurements for
all constructs at physiological pH). Samples were injected
at a volume of 35µL injections at 50 nM ECD (unless stated
otherwise) at a flow rate of 5µL/min. For measurements of
the kinetic parameters as a function of pH, the samples (500
nM) were dialyzed in saline (150 mM NaCl, 2.5 mM KCl),
then diluted 1:10 with PBS (150 mM NaCl, 2.5 mM KCl,
81 mM Na2HPO4, 14.7 mM KH2PO4), previously titrated to
various pH values (5.0-8.0). Test dilutions on a larger scale
confirmed that 1:10 dilutions were sufficient to buffer the
solution at the desired pH.
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In-Solution Pull-Down of Trx-hrg with Immobilized ErbB3-
ECD. For pull-down studies, different ECDs were im-
mobilized on protein A/G agarose using the C-terminal V5
epitope tag and anti-V5 antibodies. A master mix of protein
A/G agarose (Santa Cruz Biotechnology, Santa Cruz CA)
and V5 antibody (Invitrogen, Carlsbad CA) at a final
concentration of 30µg/mL were incubated for 2 h atroom
temperature. The resin was washed with PBS (3× 1 mL)
and aliquoted into 0.5 mL centrifugal filter spin-tubes
(Amicon Bioseparations, Bedford, MA), each containing 1
µg of antibody coupled to 33µL equivalents of the original
resin slurry. Each aliquot received 1.5 pmol of ECD at a
final concentration of 10 nM or PBS for the control. The
final slurry was washed with PBS titrated to either pH 7.4
or pH 5.5, and aliquots were incubated with different
concentrations of trx-hrg (0.4, 1.5, 3, 9, 18, 30, 90, 270, 400,
and 600 nM). To avoid ligand depletion at low concentra-
tions, the volume of the reaction was increased to 10 mL.
Based on preliminary tests, the incubation time was increased
to 12 h at 4°C due to the slower rate at which the more
dilute reaction reaches equilibrium. The samples were
washed three times with 10 mL of PBS (either pH 5.5 or
7.4) at 4 °C. The washed resin was incubated with SDS
loading buffer, heated at 95°C for 10 minutes and samples
were run on 4-15% gradient gels. The S-tag containing trx-
hrg fusion protein was visualized with S-protein-HRP
(Novagen, Madison WI) after transfer to a PVDF membrane
(Pierce, Rockford IL), and binding was evaluated by by
densitometry. Binding data were directly fitted to a binding
model of type f(x) ) Bmaxx/(KD + x) using Origin data
analysis software.

Biotinylation of Free Cysteines and ActiVation of ErbB3/
ErbB2 Chimera. CHO/dhfr(-) cells (ATCC) were stably
transfected with a Tet-Off control plasmid that also contains
tetracycline controlled puromycin resistance (45). Stable
CHO/Tet-Off cells were transiently transfected with a pIND-
TRE-based construct harboring V5 epitope-tagged ErbB3/
ErbB2 chimera or ErbB3L/ErbB2 (Y246C:V574C) chimera
(34). Transfections were carried out using the Lipofectamine
Plus reagent (Invitrogen). For tyrosine phosphorylation
assays, cells were serum starved for 16 h in serum-free
R-modification of Eagle’s medium, 24 h after transfection.
Cells were stimulated for 15 min at 37°C by the addition
of 10 nM heregulin-â1 EGF domain (R&D Systems) and
were subsequently lysed in SDS-PAGE sample buffer (75
mM Tris-HCl, 10% w/v glycerol, 3% w/v SDS, 2.4 mM
bromophenol blue with or without 52 mM dithiothreitol).
Lysates were separated on 4-15% gradient gels (Bio-Rad),
transferred to PVDF membranes, and probed with either anti-
V5-HRP (Invitrogen) or HRP conjugated anti-phosphoty-
rosine antibody (4G10, Upstate Biotechnology, Inc.).

For cellular biotinylation studies, the transiently transfected
cells were incubated with 60µM PEO-iodoacetyl biotin
(Pierce) in PBS, supplemented with 1 mM CaCl2 and 5 mM
MgCl2, for 45 min at 25 °C in the dark. Following
biotinylation, the cells were washed three times with
magnesium and calcium supplemented PBS and lysed in lysis
buffer (1% SDS, 5 mM imidazole, 500 mM NaCl, 20 mM
Tris, pH 7.9, 1 mM phenylmethylsulfonyl fluoride, 1 mM
sodium orthovanadate, 1µg/mL leupeptin, 1µg/mL apro-
tinin, 52 mM dithiothreitol), passed through a 26 gauge
needle, heated at 37°C for 10 min, and centrifuged for 5

min (10000g). The supernatant was applied to 0.22µm
centrifugal filters (Millipore Corporation). The filtrate was
diluted 1:10 with PBS containing 0.1% SDS and incubated
with 100µL of a slurry of streptavidin agarose (Pierce) for
1 h at 25°C, washed with PBS/0.1% SDS and eluted with
SDS-PAGE sample buffer. The samples were run on
4-15% gradient gels (Bio-Rad), transferred to PVDF
membranes, and probed with anti-V5-HRP (Invitrogen). As
a positive control for the biotinylation reaction, cell lysis
and biotinylation were reversed, giving the biotinylation
reaction access to cytoplasmic cysteines. Samples for the
control reaction were lysed in lysis buffer without DTT, and
biotinylation was carried out for 45 min at 25°C in the dark
with 60 µM PEO-iodoacetyl biotin in PBS plus 1 mM
CaCl2, 5 mM MgCl2, and 0.1% [w/v] SDS. Free biotin was
removed by acetone precipitation, and the precipitated pellet
was redissolved in lysis buffer and processed as described
above.

RESULTS

Design of the ConstitutiVely Locked Mutant.The consti-
tutively locked version of the ECD of ErbB3 was designed
by introduction of a disulfide bridge between domains II and
IV in the area identified as the tether in the crystal structure
of ErbB3-ECD (Figure 1, bottom). Suitable residues for
replacement with cysteines were evaluated based on the
ability to recreate a Si-Sj distance and [CR-Câ-S] angle
for the resulting disulfide bridge that was closest to native
disulfide bonds (2.02 Å and 114° respectively (46)). Dis-
tances and angles were predicted using the software package
“O” ( 47). Two pairs of substitutions, L245C-A577C (3.4
Å, 114°) and Y246C-V574C (2.01 Å, 112°), were predicted
to have suitable properties. The L245C-A577C double
mutant was expressed efficiently in S2 cells but was
inefficiently secreted. The Y246C-V574C double mutant
showed good expression and secretion and was used for the
subsequent analysis. Evaluation of the crystal structure of
the locked form of ErbB3 also indicates that both residues
in Y246C-V574C are distant from other cysteines in
domains II and IV, thereby making incorrect disulfide bond
formation less likely. The resulting, constitutively locked
ECD will from hereon be referred to as ECDL.

The Locked Mutant Assumes a NatiVe Conformation.The
ECD of ErbB3 contains fifty cysteines forming an intricate
network of cysteine knots. In the case of the constitutively
locked mutant of ErbB3-ECD, we introduced two additional
cysteines and incorrect folding is likely to result in mispairing
and the formation of incorrect disulfide bonds between
receptors upon storage. Neither freshly isolated ECDL nor
ECDL that was stored concentrated (3µM) for several days
at 4 °C formed dimers or aggregates as judged by SDS-
PAGE in the presence or absence of DTT. Under both
conditions, ECDL and wild-type ECD show an essentially
identical running behavior (Figure 2A).

Incorrect formation of intramolecular disulfide bonds is
expected to correlate with significant misfolding and a protein
that is likely to show reduced solubility. The available crystal
structures of either the extended or locked conformation
indicate that, despite the significant change in tertiary
structure, the formation of the lock is largely the result of
rigid body movements with respect to domains I and III and
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most of domains II and IV. As a consequence, ECDL would
be expected to have a very similar secondary structure
composition to wild-type ECD. We therefore compared the
circular dichroism spectrum for ECDL and wild-type ECD.
Both ECDs show very similar CD spectra (Figure 2B).
However, ECDL does show a noticeable change in the
spectrum at 210 and 230 nm, indicating some loss of
secondary structure and increase in random coil content,
probably due to strain placed on the first segments of
domains II, III, and IV resulting from the loss of part of the
interdomain interfaces compared to the extended wild-type
structure. This lack of stabilization at domain interfaces is
also reflected in the crystallographicB-factor distribution of
the locked ECD of ErbB3 compared to the ECD of ErbB2
in the extended conformation. While the extended ErbB2
ECD shows fairly uniformB-factors (23), ErbB3-ECD in
the locked conformation shows a more nonuniform distribu-
tion of crystallographicB-factors, indicating a higher degree
of local flexibility. Pronounced areas with elevatedB-factors
are theâ-sheets at the N and C-terminal ends of domain III,
which is missing some of the interdomain contacts compared
to the extended conformation (25). However, overall the CD
spectra are consistent with two structures with significantly

different tertiary structures, but very similar secondary
structures. Taken together, these findings support the as-
sumption that the structure-based introduction of the double
mutation Y246C-V574C does result in a properly folded
ECD.

Incorrect folding is also likely to result in a protein with
compromised solubility. While we previously demonstrated
that wild-type ECD at elevated concentrations readily forms
oligomers (41), ECDL is expected to be largely monomeric,
since oligomerization proceeds from the extended conforma-
tion of the ECD (34). We therefore analyzed ECDL with
respect to its behavior in native gel electrophoresis as well
as analytical ultracentrifugation. Even at elevated concentra-
tions (2µM), ECDL runs as a single band in a native PAGE
gel (Figure 2C, right panel), and shows a (>90%) homoge-
neous peak at 0.3 mg/L in an ultracentrifugation run with
less than 5% of the sample showing slower sedimentation
behavior and a comparable percentage showing marginally
faster sedimentation (Figure 2C, left panel). This dominant
species was estimated to represent a molecule of a molecular
mass of 77 kDa by equilibrium ultracentrifugation, compared
to a molecular mass of 79 kDa for the monomer by MALDI-
TOF.

FIGURE 2: ECDL is correctly folded and monomeric. (A) Coomassie stained SDS-PAGE gel of ErbB3-ECD and ErbB3-ECDL in the
presence (+) or absence (-) of DTT. (B) Circular dichroism spectra of ErbB3-ECD (solid trace) and ErbB3-ECDL (dashed trace). (C)
(Left): Ultracentrifugation velocity analysis shows a single dominant species (>90%) with a sedimentation behavior that is consistent with
monomeric ECDL. (Right): ECDL runs as a single band in a native PAGE gel. The black line indicates the position of the gel-loading
pocket. (D) ECDL shows enhanced electrophoretic mobility in a urea supplemented native gel, without changes in mass or charge, indicating
a more compact molecule.
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Since the double mutation in ECDL does not alter the net
charge of the protein, we reasoned that the locked conforma-
tion should result in a considerably more compact molecule,
which may be detectable by comparing its running behavior
to that of wild-type ECD in native gel electrophoresis. To
ensure that the mutagenesis did not result in a change in the
amount of attached carbohydrate we determined the molec-
ular mass of ECD and ECDL by MALDI-TOF. This analysis
revealed essentially identical mass estimates for both con-
structs (80 ((4) and 79 ((5) kDa, respectively, with standard
deviations reflecting peak width). Although ECDL is mon-
omeric by ultracentrifugation with only a very small com-
ponent of dimers (<5%), the wild-type ECD readily oligo-
merizes. To eliminate the impact of protein interactions,
especially for the wild-type ECD, we carried out this analysis
in the presence of 2 M urea, which is sufficient to disrupt
protein interactions but will not denature the protein (34).
Under those conditions, ECDL does indeed show a higher
electrophoretic mobility, indicating a more compact structure
(Figure 2D). This can be observed despite the fact that the
carbohydrate chains, making up 18% of the mass, are likely
to protrude significantly from the body of both ECDs,
diminishing the shape effect. Attempts to evaluate both
constructs in the presence of reducing reagents on urea
supplemented native gels resulted in aggregates of both
species, probably due to the loss of secondary structure for
the reduced domains II and IV in the presence of urea and
in the absence of the stabilizing 25 or 26 disulfide bridges.

In order to further confirm that the engineered disulfide
bridge formed between the correct disulfides, we evaluated
the CNBr induced fragmentation pattern of the extracellular
domains in the presence and absence of reducing reagent.
All of the 50 cysteines in the extracellular domains of ErbB3
form close-range disulfide bridges, mainly as part of the
cysteine knot configuration of domains II and IV. In contrast,
the formation of the additional disulfide bridge between
residues 246 and 574 of ECDL generates a long-range
disulfide bridge that can be distinguished after fragmentation
of the ECD under oxidizing conditions (Figure 3A). We
initially attempted the analysis of fragments obtained by
tryptic digest, but the compact nature, especially of domains
II and IV, did not allow for efficient tryptic digestion without
prior reduction of the 26 disulfide bridges in ECDL. In
contrast, complete cleavage could be obtained with CNBr,
and the anticipated fragmentation pattern is shown in Figure
3A together with the domain structure of the ECD. Five
major fragments represent most of the mass of the extracel-
lular domains (79%). In wild-type ECD, they are held
together by disulfide bridges to form a 28.7 kDa segment I
(fragments 4, 5, and 7) and a 24.6 kDa segment II (fragments
9 and 10, including the C-terminal V5 epitope). This mass
estimate does not include the additional 10 kDa of carbo-
hydrate attachments which result in a shift toward higher
aberrant molecular weights on SDS-PAGE gels (41).

The formation of the correct disulfide bridge between
segments I and II can be detected by tracking the V5 epitope
tag at the end of segment II (fragment 10). Cyanogen
bromide cleavage of wild-type ECD for 4 h results primarily
in the production of a dominant band with an apparent
molecular weight around 33 kDa (marked1 in Figure 3B),
likely to represent segment II (fragments 10 and 9: expected
potein mass) 24.6 kDa), including most of the carbohydrate

component. A residual full-length band remains (2), showing
an apparent molecular weight around 75 kDa under nonre-
ducing conditions. ECDL digestion after 4 h showed a larger
fragment. To ensure that this was not the result of incomplete
cleavage, we subjected ECDL to prolonged overnight cleav-
age (Figure 3B). Even after overnight CNBr cleavage, the
primary band obtained with ECDL (9) does not correspond
to the smaller molecular weight band observed for wild-type
ECD, but instead shows an apparent molecular weight that
is slightly smaller than full-length ECD, consistent with the
anticipated molecular weight of the combined segments I
and II (67.6 kDa plus carbohydrate) and the formation of a
long-range disulfide bridge between fragments 5 and 10. The
Western blot also reveals a small fraction of ECDs that have
instead formed dimers in solution (*). Traces of an even
smaller fraction of individual segment II is visible, represent-
ing ECDs that either failed to form the lock or misfolded
entirely. We estimate both fractions to be below 0.1% of
the total receptor ECDs.

Analysis of the cleavage products under reducing condi-
tions (after 4 h of digest) shows matching digestion patterns
for both constructs (Figure 3C), with the dominant bands
around 13-14 kDa, the molecular mass of the V5 epitope
carrying fragment 10 (13.4 kDa, without carbohydrate). A
minor band around 30 kDa is likely to represent incomplete
cleavage between fragments 9 and 10 in both cases but is

FIGURE 3: The Y246C and V574C double mutant forms a long-
range disulfide bridge, consistent with a disulfide-bridged tether.
(A) Map of peptides (1-10) that are anticipated from the CNBr
cleavage of the ErbB3-ECD and location of the V5 epitope tag.
The location of critical disulfide bridges that link fragments are
indicated. The sizes of segments I (fragments 4, 5, and 7), II
(fragments 9 and 10), the anticipated molecular weight for linked
segments I and II as well as full-length ECD are given without the
mass contributed by carbohydrate. The domain structure of the
ErbB3-ECD is shown below for reference purposes. (B) CNBr
digest of ECD and ECDL and visualization of the running behavior
of fragment 10 by Western blot detection of V5 epitope after SDS-
PAGE analysis in the absence of DTT. The gel shows the results
of the 4 h digest for ECD and overnight digest for ECDL. Relevant
bands are marked to the left for reference purposes. (C) Fragments
produced by a 4 h CNBr digest of reduced ECD and ECDL,
visualized by Western blot analysis with anti-V5 antibodies after
SDS-PAGE analysis in the presence of DTT.
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equally present in both digests. The identical fragment pattern
under reducing conditions confirms that the differences seen
under oxidizing conditions are not due to qualitative differ-
ence in the cleavage pattern of ECD and ECDL but are the
result of the engineered, long-range disulfide bridge.

The Locked ECD Binds Heregulin with an Affinity
Comparable to That of the IndiVidual Domains I and III.
We evaluated ligand binding by SPR as well as saturation
binding studies, using a pull-down assay. For SPR, we
immobilized a fusion protein (trx-hrg), consisting of thiore-
doxin and the EGF-like domain of heregulinâ1, to the
surface of a surface plasmon resonance chip. The trx-hrg
fusion protein was previously shown to have comparable
affinity for both the recombinant ECD and the receptor on
cell surfaces. The use of the fusion protein also protects the
essential and unique lysine at the N-terminus of the EGF-
like domain of heregulin from chemical modification, by
instead favoring the immobilization via the larger fusion
protein component. Table 1 summarizes the binding constants
obtained by SPR from measured on- and off-rates at ECD
concentrations of 50 nM and lists binding constants reported
in the literature, where available. In our SPR study, ECDL

exhibits strong binding to the immobilized ligand with aKD

of 52 nM (Figure 4). This relatively strong affinity is
nevertheless reduced compared to the affinity of wild-type
ECD (5 nM) or the 1 nMKD of the previously described
extended mutant H565F (ECDE). In ECDE, a hydrogen bond,
which is critical for the stabilization of the intramolecular
lock, has been eliminated. Hence, both wild-type ECD and
ECDE bind ligand with more than 10-fold higher affinity
than ECDL.

Next we compared the ligand binding by ECDL to that of
the individual domains I and III. As domains I and III do
not express stably as self-standing domains, both were
expressed in conjunction with domains II and IV which
follow immediately at their respective C-termini and share
a significant interface with either domain I or domain III.
Based on SPR measurements, both partial ECD constructs
(ECDI-II and ECDIII -IV ) showed relatively strong binding

which was comparable to the binding observed for ECDL.
ECDIII -IV Shows Aberrant Binding BehaVior in SPR

Studies.The strength of SPR lies in its ability to deriveKD

estimates in a single measurement and the fact that it gives
direct access to dissociation on-rates and off-rates. The most
common causes for artifacts in these measurements are mass
transfer effects due to overloaded or otherwise improperly
prepared chip surfaces or insufficient flow rates. Under those
conditions the kinetics of ligand supply can become limiting
or excessive rebinding of dissociated ligand can result in
apparently reduced off-rates. In the case of wild-type ECD
we were able to validate the measured affinities by com-
parison with previously published data. As is shown in Table
1, the observed affinity is in good agreement with the
majority of affinities reported elsewhere. This suggests that
the procedure used to immobilize the ligand did not
compromise activity. Since all other ECDs were evaluated
against the same chip, carrying moderate amounts of
immobilized ligand, this source of artifacts can be ruled out
for all constructs. When the ECD is immobilized (data not
shown), this assumption is not true, since the nature of the
immobilization reaction can significantly reduce the ligand
affinity of the ECD, and this effect will vary greatly between
ECDs and different immobilization reactions.

When calculated arithmetically from estimated on- and off-
rates of individual runs, and assuming sufficient signal can
be obtained, the same dissociation constant should be
obtained for a given ECD, regardless of the concentration
of the ECD that was passed over the chip surface or the
flow rate at which the measurement was carried out. We
applied this internal test to the affinity measurements done
for all ECD constructs. Under different conditions, compa-
rable results were obtained for all but one construct with
minimal variations between duplicate runs. The only con-
struct which showed deviations as a function of ECD
concentration was ECDIII -IV . While KD values for ECDIII -IV

obtained at a given concentration of ECD showed variations
of less than 10%,KD values obtained at different concentra-
tions of ECDIII -IV were markedly different, ranging from 9
((3) to 90 ((6) nM when measured at 50 and 100 nM ECD,
respectively. No interpretable data could be obtained at 400
nM. These changes are largely due to variations in the on-
rate, and the higher concentrations correspond to conditions
under which ECDIII -IV in our hands begins to show strong
indications of aggregation upon storage. In contrast, ECDI-II

yielded binding constants of 49 ((3) and 52 ((4) nM under
the same conditions. While subsequent pull-down studies
qualitatively confirmed the binding properties of ECDIII -IV

compared to ECDI-II , the absolute binding constant obtained
for this particular construct ought to be interpreted with
caution.

The Locked and Extended Conformation Retains Ligand
Binding at pH 5.5.One intriguing characteristic of the
documented crystal structure of EGFR-ECD in a locked
conformation with bound ligand is the fact that it was
obtained at pH 5.0. The observed binding to domain I of
EGFR had been interpreted as low affinity binding, forced
by high ligand concentrations under conditions at which the
primary binding site in domain III is nonfunctional due to
protonation of critical histidines (26). Our previous work had
indicated that, in contrast to EGFR, domain I of ErbB3 is a
significant contributor to binding (27). We therefore tested

FIGURE 4: Surface plasmon resonance analysis of the binding of
ECDL to immobilized trx-hrg at a fixed pH of pH 7.4 and two
concentrations of ECDL (10 and 50 nM). The sensorgram for 50
nM ECDL is shown with the fit for a 1:1 Langmuir dissociation
and association using an on-rate of 9.0× 104 (1/(M s)) and off-
rate of 3.95× 10-3 (1/s) giving aKD estimate from this single run
of 44 nM. KD values shown in Table 1 are the results of
measurements in triplicate at the indicated concentrations.
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if we could observe binding to ECDL at low pH and
physiologically relevant ligand concentrations. We evaluated
the binding of trx-hrg to ECDL at pH 5.5 versus 7.4 using a
conventional in-solution pull-down assay at different con-
centrations of ligand. This study has an inverse configuration
to the SPR studies in that the ECDs are immobilized and
the binding of ligand is measured. The saturation binding
curve obtained in this study (Figure 5) indicated a binding
constant for ECDL at pH 7.4 of 65 nM. Despite the reversed
setup of the assay, this in good agreement with the measure-
ment obtained by SPR (52 nM). Surprisingly, ECDL not only
retained binding at pH 5.5 but showed a modest increase in
affinity (25 nM) in this assay.

The finding of strong binding of heregulin to the locked
ECD at pH 5.5 was unexpected and in contrast to the model
for purified EGFR-ECD which has been reported to lose
ligand binding affinity at endosome pH (26). We therefore
evaluated if wild-type ECD would also retain ligand binding
at endosome pH, using a pull-down study and conventional
saturation curve analysis (Figure 6). This analysis yielded
an estimate for the binding constant at pH 5.5 of 13 nM,
indicating that both conformations of ErbB3 are distinct from
EGFR in their ability to retain ligand binding at endosome
pH.

The pH Dependency of Binding by ECDL Is Mirrored by
the Binding BehaVior of ECDI-II . Since the binding constant
of 52 nM for ECDL obtained by SPR at neutral pH is in
good agreement with theKD estimate obtained by pull-down
assays at pH 7.4 in a reversed configuration (65 nM), we
carried out a systematic evaluation of the impact of pH on
ligand binding for all constructs using SPR. The analysis of
binding by SPR facilitates the evaluation of a larger set of
conditions, primarily due to a greatly reduced requirement
for the amount of purified receptor and ligand needed for
the assays. This was especially a concern for ECDIII -IV ,
which was available in limited supply and is prone to
aggregation at elevated concentrations, complicating con-
ventional saturation binding studies. In order to limit the
effect of self-association of ECDIII -IV on measurements, all
data were obtained at 50 nM. At this concentration ECDIII -IV

is well below its threshold for aggregation and robust SPR
signals could be obtained for all constructs.

We evaluated the impact of pH on ligand binding for all
five constructs at seven different pH values, ranging from
pH 5.0 to 8.0. Figure 7 shows a graphical representation of
the impact of pH on the overallKD, as well as the dissociation
on-rate and off-rates. The representation of the calculated
KD values of the three full-length constructs as a function of
pH (Figure 7a) also shows that ECDL maintains ligand
binding at low pH. Using SPR as the readout, the increase
in binding affinity is more pronounced and reveals a
minimum at pH 5.5 (1.7 nM,(0.4). In the case of wild-
type ECD, the pH minimum is slightly shifted to pH 6.0,
but the binding constant 12 ((2) nM obtained by SPR is in
very good agreement with the result obtained by pull-down
studies (13 nM).

SPR and pull-down studies qualitatively confirm an
increase in affinity for ECDL at low pH, and specificKD

values obtained by both methods are in good agreement in
the case of ECDL at pH 7.4 (52 versus 65 nM) and wild-
type ECD at pH 5.5 (12 versus 13 nM). However both
methods differ in the specificKD values, obtained for ECDL

at pH 5.5 (2 nM by SPR versus 25 nM in the pull-down
study). The reason for this discrepancy is not clear but may
be related to the mode of immobilization. Our data indicate
that binding by domain I is dominant at pH 5.5 but not pH
7.4. In the case of ECDL, but not wild-type ECD, the relevant
binding interface of domain I is brought in close proximity
of the C-terminus, which serves as the point for antibody-
based immobilization in the pull-down methods, thus po-
tentially resulting in interferences with ligand binding. In
the case of SPR studies, the ligand, not the ECD, is
immobilized, eliminating this ECD construct specific inter-
ference.

An intriguing feature of the pH profile of all three full-
length ECDs is the presence of contrary pH minima for ECDL

and ECDE as well as the absence of a pronounced minimum
for wild-type ECD (Figure 7a). While ECDL binding shows
a single and pronounced minimum at pH 5.5, ECDE shows
a minimum, although less pronounced, at pH 7.4. By
comparison, wild-type ECD shows a more uniform binding

FIGURE 5: In-solution pull-down assays confirm strong binding of
heregulin to ECDL at pH 7.4 and 5.5. The pH dependent binding
of trx-hrg was measured in a pull-down assay with V5-tagged
ErbB3-ECDL at pH 7.4 (0, solid line) and pH 5.5 (9, dashed line).
Bound trx-hrg was detected with S-protein-hrp conjugate and is
presented as a function of ligand concentration and percentage of
maximum binding.

FIGURE 6: Wild-type ECD retains strong binding of heregulin at
pH 5.5. The ligand binding of immobilized wild-type ECD was
determined with a pull-down assay at different concentrations of
trx-hrg. Bound trx-hrg was detected with S-protein-hrp conjugate.
The percentage of maximum bound ligand is plotted as a function
of ligand concentration.

15850 Biochemistry, Vol. 44, No. 48, 2005 Kani et al.



behavior over the same pH range with two shallow minima
at 6.0 and 7.4. This more uniform binding behavior as well
as the dual minimum would be consistent with the assump-
tion that the wild-type ECD exists in an equilibrium of both
conformational states. However, more direct measurements
of the presence of these alternative conformational states
would be needed to confirm the presence of such an
equilibrium as well as the relative proportion of receptors
in the respective locked and extended conformations.

ECDI-II and ECDIII -IV Respond in a Contrary Fashion
to a Shift in pH.While both wild-type ECD and ECDL

maintain binding affinity at endosome pH, the SPR data on
ECDI-II and ECDIII -IV suggest that this net retention is the
result of alternating contributions of domains I and III at
different pH values (Figure 7b). Overall, the binding behavior
of ECDIII -IV qualitatively mirrors that of ECDE with a
minimum between 7 and 7.4 and a decrease in binding at
lower pH. In contrast, ECDI-II shows reduced binding at
physiological pH and a gain in affinity as the pH is decreased.
A comparison of dissociation on- and off-rates indicates that
most of the changes occur on the part of the dissociation
on-rates, shown in Figure 7c on the same log scale as the

dissociation off-rate in Figure 7d.
We used the pull-down assay to qualitatively confirm the

SPR data suggesting a contrary effect of pH changes on the
affinity of ECDI-II and ECDIII -IV . To this end, dilute partial
ECDs were immobilized on resin and ligand binding was
measured at either pH 5.5 or 7.4 at a single nonsaturating
ligand concentration of 10 nM (Figure 8). Based on theKD

estimates obtained by SPR, this concentration of ligand was
expected to maximize the differences in binding between
both constructs and at different pH values. Binding under
those limiting conditions qualitatively confirms the contrary

FIGURE 7: ErbB3-ECD binding parameters as a function of pH, measured by SPR. The binding of different ECD constructs (indicated
above plots) to immobilized trx-hrg was measured at 50 nM ECD and various pH values. The estimatedKD values are given for the three
full-length constructs (ECD, ECDE, and ECDL, panel a) and the half constructs (ECDI-II , ECDIII -IV , panel b). The on-rate is given in panel
c on the same log scale as the off-rate, presented in panel d.

FIGURE 8: Immobilized ECDI-II and ECDIII -IV show a contrary
pH dependency in their binding of heregulin. ECD constructs were
immobilized via their C-terminal V5 epitope tag, and bound ligand
(trx-hrg) was determined by Western blotting after incubation with
10 nM ligand. The ECD constructs and pH of binding are indicated
above the lanes. While ECDI-II shows good binding at pH 5.5 and
lower binding at pH 7.4, the inverse is true for ECDIII -IV .

Heregulin Binding to Locked ErbB3 at Endosome pH Biochemistry, Vol. 44, No. 48, 200515851



binding behavior of each construct as a function of pH. While
binding to ECDI-II is increased at pH 5.5, binding to
ECDIII -IV is decreased and no significant binding was
observed at pH 5.5. The inverse is true at pH 7.4, although
ECDI-II appears to be more capable of binding ligand to
some extent under both sets of conditions. With respect to
the aberrant behavior of ECDIII -IV in SPR studies, this pull-
down study also supports the observation of strong binding
by ECDIII -IV at pH 7.4, and in fact argues in favor of tighter
binding compared to ECDI-II , at least outside of the context
of the full-length ECD.

The Disulfide Stabilized Lock Does Not Engage on the
Cell Surface.While the above data suggest a possibly
enhanced role of the locked conformation at endosome pH,
previous mutagenesis studies had questioned the role of this
conformation on the cell surface. Since the deprotonated
sulfhydryl species is needed for disulfide bridge formation,
this mode of stabilization cannot be used if the locked
conformation is mainly assumed in the endosome. However,
we can address the question if the quantitative formation of
the additional disulfide bridge, seen for the secreted ECD,
is impaired for the cell-surface anchored receptor. Under the
oxidizing conditions of the cell surface, the locked confor-
mation should be stabilized in our double mutant, assuming
that the receptor is sterically capable of assuming the locked
conformation. As this disulfide bridge is effectively irrevers-
ible, this should result in the gradual shift toward the locked
species, even if only a modest proportion is present in
equilibrium.

To evaluate the formation of the lock on the cell surface
we generated a membrane anchored ECDL mutant in the
context of an ErbB3-ErbB2 chimera. This previously
described chimera (34) contains the ErbB2 transmembrane
and cytoplasmic portion to obtain tyrosine phosphorylation
as an additional readout. We evaluated four properties of
the ECDL chimera: expression levels and signs of instability,
formation of disulfide linked dimers, constitutive and ligand-
induced autophosphorylation, and the presence of free
cysteines (Figure 9). Both the chimera containing wild-type
ECD (W) and the chimera containing the ECDL domain (L)
express stable protein at comparable levels, as judged by
the signal of their C-terminal V-5 epitope tag (Figure 9A).
Even under conditions of overloading and in the absence of
reducing reagent, no indication of disulfide stabilized dimers
is present, suggesting that the ECDL chimera exists either in
the locked form or with free non disulfide forming cysteines.
An analysis of the activity of both chimera shows that
chimera with wild-type ECD exhibits the anticipated ability
to respond to heregulin while the ECDL chimera exhibits
elevated levels of constitutive phosphorylation but fails to
respond to ligand (Figure 9B). The lack of response to ligand
and the elevated basal activity of the ECDL chimera matches
properties of two previously described mutants of EGFR,
Y245A, R285S, (21) and Y246D (13). Of those two
dimerization loop mutants in EGFR, Y246D carries a single
amino acid mutation in the equivalent position to the Y246C
mutation in ECDL.

To distinguish between a constitutively locked and hence
inactive receptor and the possibility that the ECDL chimera
exists in an extended but non ligand responsive form, we
assayed for the presence of free cysteines in the ECDL

chimera through derivatization of cell surface receptors with

iodoacetyl biotin. As a positive control for the modification
reaction (Ctrl) we treated lysates of cells transfected with
wild-type ECD chimera following cell lysis. Under those
conditions, receptors are expected to be efficiently biotin-
ylated at several unpaired cysteines in the cytoplasmic portion
of the receptor. Western blot analysis of the streptavidin pull-
down (Figure 9C) confirms that while control lysates were
efficiently biotinylated, no significant biotinylation occurred
on the surface of intact cells for the chimera carrying wild-
type ECD. In contrast, the ECDL chimera was efficiently
biotinylated, indicating that the receptor was present on the
cell surface, and that the lock had not formed, at least for a
large portion of the receptors. Combined findings for cell
surface expressed ECDL chimera suggest that the receptor
is stably expressed without unwanted intermolecular disulfide
bridge formation, but is largely trapped in an extended
conformation with activation properties that resemble those
of constitutively extended mutants of EGFR with a mu-
tagenized dimerization loop.

DISCUSSION

While multiple crystal structures have shown the existence
of a locked or tethered conformation for ErbB receptors, the
biological role of this conformation and its relative abundance
in an equilibrium of different conformations remains unclear.
In order to evaluate the ligand binding properties of the
locked conformation, we have generated a constitutively
locked version of the ECD of ErbB3 by introducing a
disulfide bridge into the tether region between domains II
and IV of ErbB3. The constitutively locked ECD shows
strong binding of ligand. Surprisingly we also found that

FIGURE 9: The Y246C-V574C double mutant does not form a
lock on the cell surface. (A) Chimeric ErbB3/ErbB2 that contain
either wild-type ErbB3-ECD (W) or Y246C-V574C double mutant
ECDL (L) express at comparable levels, based on a Western blot
of the V5-epitope tag (left side with DTT). Even at high exposure
levels, no covalent dimers are visible in the absence of DTT for
the chimera carrying the ECDL double mutation (right side without
DTT). (B) ECDL chimera show enhanced constitutive phosphoryl-
ation but fail to respond to heregulin stimulation as judged by an
anti-phosphotyrosine Western blot. (C) V5 Western blot of chimera
after pull-down with streptavidin agarose. The control reaction (Ctrl)
represents wild-type chimera, labeled with PEO-iodoacetyl-biotin
after cell lysis. The pull-down lanes represent the fraction of wild
type (W) and lock mutant (L) pulled down after labeling on intact
cell surfaces. “Input” represents equivalent fractions of lysate that
were subjected to the pull-down.
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the locked form shows improved binding at low pH. ECDL

shares its ability to retain binding at low pH with wild-type
ECD. This binding behavior of ECD and ECDL is in contrast
to EGFR, which loses affinity for EGF at low pH. Qualita-
tively, the binding behavior of ECDL best matches that of
truncated constructs of the ErbB3-ECD containing only
domains I and II (ECDI-II ). We previously reported that, in
contrast to EGFR, domain I of ErbB3 shows a strong
contribution to ligand binding. This distinct contribution by
domain I is therefore matched by its ability to impart ligand
retention to the full-length ECD at endosome pH.

The Introduction of the Disulfide Bridge in ECDL Results
in Properly Folded ErbB3-ECD with a Correctly Placed
Additional Disulfide Bond.The interpretation of ECDL

binding properties assumes proper folding and the efficient
formation of the engineered disulfide bridge in the locked
conformation. Based on several criteria, ECDL is correctly
folded and stabilized as designed. These criteria include the
absence of any significant portion of disulfide linked dimers
or higher order oligomers on oxidizing SDS-PAGE and a
CD spectrum that is very similar to that of wild-type ECD,
despite significant differences in the tertiary structure. The
expressed ECD runs as a single band in a native gel, and
>90% of the protein behaves as monomeric species with
estimated molecular mass of 77 kDa by analytical ultracen-
trifugation. Without change in charge and with a comparable
estimated mass, ECDL shows accelerated running behavior
compared to the wild-type ECD in urea supplemented native
gels, indicating a more compact molecule. Furthermore, the
binding behavior of the locked species at neutral pH matches
expectations for a construct in which the individual domains
I and III, known to constitute the bivalent binding pocket in
the extended form of the receptor, were separated but
individually accessible. This suggests the correct folding of
domains I and III. Finally, the correct formation of the
engineered disulfide bridge between Y246C and V574C was
also confirmed by CNBr cleavage and analysis of the
fragments under oxidizing conditions. Together these find-
ings argue that, despite the presence of fifty cysteines in the
wild-type receptor ECD, the structure based introduction of
an additional disulfide bridge between positions 246 and 574
resulted in a correctly folded and disulfide-bridged ECD in
a constitutively locked conformation.

The Locked ECDL Mutant Shows Binding That Is Con-
sistent with Binding by a Single Interface in Either Domain
I or Domain III. We confirmed the binding of the locked
mutant to heregulin by two independent assays, surface
plasmon resonance and conventional saturation binding
studies in a pull-down assay. Both approaches confirmed
relatively strong ligand binding at pH 7.4 withKDs of 52
and 65 nM, respectively. This binding is approximately 10-
fold lower than the binding observed for the wild-type ECD
and 50-fold lower than binding by the extended mutant.
These results are consistent with the overall predictions based
on the model provided by the crystal structure of EGFR with
bound ligand. In the extended conformation, the ligand binds
in a pocket between domains I, II, and III with domains I
and III making critical contacts (19, 20). Contacts by both
domains, I and III, have also been demonstrated by cross-
linking studies (28, 29). This dual interaction of the receptor
with the ligand is disrupted in the locked conformation. Here,
the spatial separation between the putative contact regions

in domains I and III is too large to permit simultaneous
interactions with ligand (60 Å in the case of ErbB3) and the
relevant surfaces are also rotated, thus precluding the
formation of a joint binding site (25). This change is
demonstrated in Figure 1 (top) for EGFR where crystal
structures for both relevant conformations are available,
including bound ligand. The stabilization expected from the
simultaneous interaction of two binding sites in the extended
conformation is therefore lost, and the affinity observed for
ECDL is more comparable to those observed for the ECDI-II

and ECDIII -IV constructs.
Given the spatial separation of the two putative ligand

interfaces in domains I and III, it is conceivable that the ECD
in the locked conformation would be capable of binding two
molecules of ligand, albeit with different affinities. The SPR
data suggest that the affinities of both interfaces are restively
close at pH 7.4, and this is confirmed by the pull-down study
which showed strong binding by ECDIII -IV and to a lesser
extent by ECDI-II (Figure 8). The correspondingKD values
obtained by SPR at pH 7.4 were 9 nM and 48 nM,
respectively. In contrast, strong ligand binding could be
detected for ECDI-II at pH 5.5 while binding by ECDIII -IV

was not observed under conditions of dilute ligand (10 nM).
This was mirrored by the larger differences inKD of 4 and
52 nM respectively measured by SPR. However, neither the
SPR analysis nor the in-solution pull-down study of ECDL

showed clear indications of a complex mode of binding.
However, this absence of a complex binding behavior may
simply reflect limitations of the techniques, especially in the
pull-down studies where the available number of data points
is insufficient to detect two relatively similarKDs.

Binding of Heregulin by the Extended Monomeric Recep-
tor InVolVes “Partial BiValency”. Several lines of evidence
support a bivalent mode of binding of heregulin to ErbB3.
Bivalent in this context refers to a binding mode that utilizes
contributions of domains I and III to the overall affinity of
the ligand receptor complex. At pH 7.4, both individual
interfaces show binding by SPR and pull-down studies.
Under those conditions, the affinity of wild-type ECD and
ECDE exceeds that of ECDI-II , ECDIII -IV , and ECDL.
Another indication for a bivalent mode of binding is provided
by the strength of ligand binding by ErbB3 compared to
EGFR. The binding constant obtained at pH 7.4 for the full-
length ECD in this and previous measurements (27) is in
good agreement with most of the measurements for both the
purified ECD and cellular ErbB3 which are in the range of
1-10 nM (Table 1). This is significantly stronger than the
interaction reported for the binding of EGF to purified EGFR-
ECD (500 nM (30)). This higher affinity may reflect the fact
that ErbB3 has a considerable binding contribution from
domains I and III while binding of EGF to EGFR involves
contacts to both domains but the binding energy has been
largely attributed to interactions made only by domain III.

While we qualitatively observed the increase in affinity
that would be expected from a bivalent interaction of the
ligand with domains I and III, the available data also suggest
that the full potential of this bivalent mode of binding is
clearly not realized. For different pH values the binding
observed by wild-type ECD traces more closely with that
of the extended form of the receptor than the locked form,
although to a lesser extent at pH 5.5. This suggests that most
of the wild-type receptor is in an extended and not in a locked
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conformation. Assuming that no additional constraints are
imposed by the structure of the extended conformation and
both interfaces contribute fully to binding, one would
anticipate extremely tight binding of ligand to the extended
receptor on the order of 10-15 M. Clearly this affinity was
not observed for the extended receptor nor would such tight
binding be biologically useful for the interaction of a growth
factor with its target receptor. Furthermore we observed that,
at least at pH 5.5, the affinity of ECDI-II and ECDL exceeds
that of wild-type ECD and ECDE, which is not possible if
both binding sites contribute fully to the overall binding.
Together this suggests that a simple bivalency model does
not fully describe the mode of binding of heregulin to ErbB3.
The data suggest instead “partial bivalency” in which each
interface is only contributing partially to the joined binding
pocket.

Using the crystal structure of EGFR with bound ligand as
a model, it is not clear what additional factors would diminish
the ability of each interface to fully contribute to the
interactions with the ligand. However, no structure of ErbB3
with bound ligand is available to date, and while the same
overall structural framework is expected for this complex,
our data suggest significant differences in details of the
interaction of both receptors with their respective ligands,
specifically with respect to contributions made by domain
I. A similar shift in the relative contribution to binding from
domain III, as seen for EGFR, to domain I has also been
reported for the ErbB4 receptor (48). It is also important to
keep in mind that it is not clear what binding mode the
existing EGFR dimer structure represents. Both EGFR and
ErbB3 have a high and low affinity mode of binding, and
the structural cause for these differences is not clear at this
point. The binding constants reported here for ErbB3 and in
most other sources reflect the binding of ligand to ErbB3
alone. ErbB3 differs from EGFR in that ligand binding is
compatible with spontaneously formed dimers, but the ECD
dimers are not stabilized by the presence of ligand (34, 35).
Although the low nanomolar binding is tight compared to
the binding observed for the ECD of EGFR, it does in fact
represent the “low” affinity binding mode for ErbB3. In a
cellular setting, ErbB3/ErbB2 heterodimers constitute the
high affinity receptor for heregulinâ (39). This difference
can be recapitulated with ECDs that are artificially held
together by IgG fusion proteins (40) which generate high
affinity binding for ErbB3/ErbB2 heterodimeric ECDs (0.013
nM) but not for ErbB3 homodimers (9 nM).

Some additional insight into the question of the relative
contributions of the different interfaces in the full-length
ErbB3 receptor is provided by the previous limited proteoly-
sis study on ErbB3-ECD (27). In this study, limited pro-
teolysis resulted in two cleavage events, one in domain I
and one in domain II. While the cleavage in domain II was
inconsequential to ligand binding and resulted in disulfide
bridged fragments, the cleavage near position 31 of domain
I (formerly numbered as residue 50) abolished almost all
ligand binding and inversely could be blocked by the binding
of ligand. Combined with the data presented here, this would
argue that domain III in isolation retains strong binding to
ligand, possibly reflecting a binding scheme that is conserved
between EGFR and ErbB3, but that the loss of full bivalency
in the context of the full-length ErbB3 receptor is mainly

the consequence of a loss of the contributions provided by
domain III. However, a more detailed insight into this
question will have to await the crystal structure of ErbB3-
ECD with bound ligand.

Both Locked and Wild-Type ECD Retain Binding at
Endosome pH.We surprisingly found that not only was the
ability of the locked form to bind ligand retained at low pH
but its affinity for heregulin was enhanced. A similar increase
in affinity was observed for the ECDI-II construct by SPR
measurements, and the enhanced ability of ECDI-II to bind
heregulin at low pH was qualitatively confirmed in pull-
down studies at low ligand concentrations. This gain in
affinity for the ECDI-II construct suggests that its contribu-
tion compensates for the loss of binding observed in domain
III, thus giving the entire ECD the ability to retain binding
at low pH. This observation is consistent with our previous
finding that ErbB3 is distinct from EGFR in that its domain
I has a more prominent role in binding. Likewise, the
pronounced difference in pH dependency of ligand binding
between EGFR and ErbB3 can be directly accounted for by
the pH dependent interaction of domain I in ErbB3.

The distinct ability of ErbB3 to retain ligand at endosome
pH may be of relevance in the context of ligand recycling
and the divergent routing of different ErbB members
following endocytosis. Endocytosed ErbB receptors travel
to early endosomes from which they can either proceed to
degradation via late endosomes or return to the cell surface
via recycling endosomes. These stages of endocytosis are
marked by various degrees of acidification of the vesicles.
Early and sorting endosomes have a pH around 6.0; late
endosomes continue to be acidified and may reach pH values
as low as 5.0. In the case of the heregulin-activated
heterodimers of ErbB2 and ErbB3, both receptors preferen-
tially follow different routes. As is the case for EGF-activated
EGFR, ErbB2 is mainly targeted for degradation while ErbB3
is to a larger extent recycled (49, 50). It is therefore intriguing
that wild-type ErbB3 in contrast to EGFR retains ligand
binding at endosome pH and the locked conformation even
shows a strong pH minimum at pH 5.5.

The Formation of the Lock Is Suppressed on the Cell
Surface.While our binding data demonstrate that ErbB3-
ECD in the locked conformation retains strong ligand
binding, the question remains about the relative abundance
of the locked conformation and hence the contribution of
this conformation to signaling. The mutations required for
the expression of a stably disulfide locked ECD reside in
positions of the dimerization loop of ErbB3 which are known
from work on EGFR to destroy ligand-induced activation.
Hence the fact that ECDL based chimera show constitutive
phosphorylation but fail to respond to heregulin is not
informative with respect to the role of the locked conforma-
tion in signaling. However, we were able to confirm that
ECDL based chimera express well, do not form intermo-
lecular disulfide bridges, and do in fact show elevated
constitutive phosphorylation, as was reported for the corre-
sponding domain II mutants of EGFR (13, 21). Moreover, a
significant portion of the ECDL based chimera had free
cysteines that could be derivatized on the cell surface with
iodoacetyl biotin. Soluble ECDL forms the disulfide-stabilized
lock quantitatively and has to be processed by the same
secretion machinery. The data on cellular ECDL would

15854 Biochemistry, Vol. 44, No. 48, 2005 Kani et al.



therefore suggest that at least a significant portion of the
receptors that are anchored to the cell surface are held in a
conformation that prevents the formation of the lock and is
also sufficiently restraining to prevent spontaneous formation
of disulfide bridges between receptors.

We have previously reported an enhanced tendency of the
ECD of ErbB3 to form oligomers (41) which are formed
from ECDs in the extended conformation (34). Such oligo-
merization would be enhanced on the cell surface, and would
be one possible mechanism by which receptors are kept in
an extended conformation. Molecular models of oligomers
show that this would not place the engineered cysteines in a
suitable position for intramolecular disulfide bridge formation
(data not shown). Mutations in domain IV disable the lock
but have no significant impact on the activation of either
EGFR or ErbB3-ErbB2 chimera. Hence, our observation
of a large portion of nonlocked ECDL chimera on the cell
surface is consistent with the assumption that the locked
conformation plays a minor role in this cellular compartment.
However, the fact that both wild-type ECD and especially
ECDL show strong binding at endosome conditions opens
the possibility in the case of ErbB3 that the locked
conformation may play a more important role in this
compartment than is evident from binding data and initial
activation responses of cell surface localized receptors.
However, a direct evaluation of the role of the locked
conformation in the endosome compartment will require
different experimental approaches.

In conclusion, we have generated a constitutively locked
version of the ECD of ErbB3 by introducing a disulfide
bridge into the tether region between domains II and IV of
ErbB3, and confirmed the formation of the additional
disulfide bridge in the secreted ECD. The constitutively
locked ECDL shows strong binding to ligand, indicating that
it cannot be discounted as a biologically relevant species,
solely on the basis of having a disrupted ligand binding
pocket. Although structurally incompatible with models for
ligand-induced activation, it can participate in ligand captur-
ing and retention thereby facilitating the transition into the
higher affinity mode, found in the extended conformation,
which harvests some but not all of the contributions of both
binding interfaces to binding. Interestingly, the locked form
retains binding at endosome pH, a feature that it shares with
wild-type ECD. This binding behavior is in contrast to the
ECD of EGFR which loses affinity at low pH. The reported
binding properties of EGFR are more closely matched by a
truncated construct of the ErbB3-ECD containing only
domains III and IV which also loses most of its ability to
bind ligand at pH 5.5. The stronger contribution of domain
I of ErbB3 to ligand binding, compared to EGFR, is therefore
matched by the ability of this domain to use its enhanced
binding at low pH to compensate for the loss of binding by
domain III, thus maintaining an overall high affinity of ErbB3
to ligand at endosome pH. Initial results obtained for a
cellular version of ECDL suggest that the lock does not
engage on the cell surface, at least for a large portion of the
receptors. The relatively strong binding of ligand by the
constitutively locked form of ErbB3 at endosome pH
suggests that this conformation could potentially play a more
important role in endosomes than it appears to have on the
cell surface.

NOTE ADDED IN PROOF

A recent structure of the ECD of ErbB4 reveals another
example of a locked or tethered conformation (58). This
study also compared the pH dependency of ligand binding
to wild-type ErbB1, ErbB3, and ErbB4. The ECDs of ErbB3
and ErbB4 retained ligand binding at low pH. In contrast,
the ECD of ErbB1 lost its affinity for EGF and TGF-R at
pH 5.5 but retained binding to betacellulin.
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