
INTRODUCTION
The human EGFR (HER) family has

four members—EGFR/HER1/ErbB1,
HER2/ErbB2, HER3/ErbB3, and HER4/
ErbB4—that collectively bind more than
11 canonical ligands including EGF,
TGF-α, heparin-binding (HB)-EGF, am-
phiregulin, betacellulin, epiregulin, epi-
gen, and neuregulin (NRG)1-4 (1–3). Al-
though HER2 is an orphan receptor and
does not bind the above ligands, it serves
as a signal amplifier by heterodimeriza-
tion with other HER family members
such as HER3 and HER4 (4,5). Dysregu-
lation of HER family members and their

cognate ligands is implicated in many
cancers and other diseases (6–10). Drugs
currently approved for treatment of can-
cers driven by HER family members are
either monoclonal antibodies such as
trastuzumab, pertuzumab (both HER2-
specific), and cetuximab (EGFR-specific),
or small molecule tyrosine kinase in-
hibitors such as gefitinib and erlotinib
(EGFR kinase inhibitor) and lapatinib
(HER2 >> EGFR kinase inhibitor) (11,12).
However, current treatments are effective
only in subsets of patients, and en-
counter intrinsic or acquired resistance
which could be attributed at least in part

to coexpression and ligand activation of
other receptor tyrosine kinases (13,14),
particularly HER family members (6,12,
15–21). To overcome or avoid such resist-
ance, we reported previously a bispecific
ligand trap which is an Fc-mediated het-
erodimer of the EGFR and HER3 ligand
binding domains (22,23). This prototypic
bispecific ligand trap binds EGFR and
HER3 ligands, inhibits proliferation of a
broad spectrum of cultured cancer cells,
and suppresses growth of tumor xeno-
grafts in mouse models.

Crystal structures of the extracellular
domains (ECD) have been determined
for the EGFR (24–27), HER2 (28,29),
HER3 (30), and HER4 (31). Studies of
structure-function correlation reveal
residues critical for ligand binding, re-
ceptor dimerization, and tether forma-
tion (24,27,32–36). In the absence of
ligands, EGFR, HER3, and HER4 sub-
domains II and IV of the ECD form an
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intramolecular autoinhibitory tether.
Upon ligand binding, the HER ECD sub-
domains undergo conformational changes
allowing the subdomains I and III to ro-
tate and form a high-affinity ligand bind-
ing pocket. Mutagenic disruption of the
domain II/IV tether in soluble HER pro-
teins (27,32–35) or C-terminal deletion of
subdomain IV (37) improves ligand
binding affinity up to fifteen-fold (27).

The present work describes the results
of rational structure-based mutagenesis
of the EGFR:HER3 extracellular ligand
binding domains. We were able to com-
bine several mutations to create an Fc-

mediated triple mutant EGFR:HER3 het-
erodimer, RB242 (Figure 1A,1B). RB242
showed an average of twenty-two-fold
improvement in affinity for each of the
assayed ligands including EGF, TGF-α,
HB-EGF, and NRG1-β. Supporting the
concept of better biological activity with
an affinity-optimized mutant, RB242
demonstrated improved anti-proliferative
activity both in cultured cells and in
nude mice bearing tumor xenografts.
RB242, an affinity-optimized novel bi-
specific HER ligand trap, may prove to
be a clinically useful alternative to pan-
receptor–targeted therapies.

MATERIALS AND METHODS

Computational Design
Computer modeling of the EGFR lig-

and binding domain was performed
using the co-crystal structures of EGFR-
EGF (PDB code IMOX-chain C) (26) and
EGFR-TGF-α (PDB code 1IVO-chain C)
(25). Computer modeling of HER3 ligand
binding domain was done using the
structure information of HER3 ECD
(PDB code IM6B) (30,38). The affinity de-
sign was based on the physical-chemical
properties and classification of amino
acids such as charge, polarity, aromatic-
ity, and so on. Also considered were
residue volume, surface area, solvent ac-
cessibilities, and so on. The PAM250 ma-
trix was used to aid in the prediction of
amino acid substitution (39,40).

Mutagenesis
Site-directed mutagenesis was per-

formed by overlapping PCR which in-
cluded three sequential PCR reactions
each catalyzed by the thermo-stable
DNA polymerase Elongase supple-
mented with pfu (Invitrogen). EGFR/Fc
and HER3/Fc cDNAs (23) were used as
the PCR templates. Condition set up for
the first round PCR with two pairs of
overlapped PCR primers bearing de-
signed mutations was 94°C (2 min), 94°C
(45 s), 60°C (45 s), and 68°C (3 min) for
26 cycles. The two overlapped PCR frag-
ments generated by the first round PCR
were gel-purified, combined at 1:1 molar
ratio, and used for the second round
PCR. The second round PCR annealed
the two overlapped PCR fragments
using the condition of 94°C (2 min), 94°C
(45 s), 57°C (45 s), and 68°C (30 min) for
eight cycles. In the third round PCR, the
product of the second round PCR was
used as the template. PCR amplification
was conducted in the presence of a for-
ward primer that covered the start codon
and a reverse primer that covered the
stop codon. The PCR condition was 94°C
(2 min), 94°C (45 s), 60°C (45 s), and 68°C
(3 min) for 26 cycles. PCR products bear-
ing mutations were cloned into the Gate-
way System plasmid pDONR221 (Invit-
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Figure 1. (A) Schematics showing production of EGFR/Fc and HER3/Fc homodimers as well
as EGFR:HER3 heterodimer by co-transfection of EGFR/Fc and HER3/Fc cDNA constructs
into mammalian host cells. Conditioned medium harvested from the co-transfected cells
were purified chromatographically to obtain the EGFR:HER3 heterodimer (see Methods for
details). (B) Schematics showing the parental EGFR:HER3 heterodimer (RB200) and its de-
rived mutants of RB222 and RB242 with the indicated amino acid substitutions. (C) High-
affinity EGFR ligand binding is suppressed in the Fc-mediated EGFR:HER3 heterodimers.
125I-ligand binding was performed in anti-Fc–coated 96-well plates with the indicated puri-
fied EGFR:HER3 heterodimers immobilized on the surface. Shown are 125I-TGF-α binding
(top), and 125I-NRG1-β binding (bottom). Results are means ± SEM of triplicate wells.



rogen, Carlsbad, CA, USA). Designed
mutations were confirmed by complete
sequencing. Inserts in pDONR221 then
were transferred to the expression vector
pcDNA3.2-DEST (Gateway System, In-
vitrogen) by LR reaction following the
manufacturer’s instructions.

Protein Expression and Purification
For ligand binding screening, sequence-

confirmed HER1/Fc and HER3/Fc mu-
tants were transfected transiently into
HEK293T cells (ATCC) using Lipofecta-
mine 2000 (Invitrogen). For expression of
the Fc-mediated EGFR:HER3 hetero-
dimers, the EGFR/Fc and HER3/Fc or
their mutants were cotransfected into
HEK293T cells. The serum-free condi-
tioned media were collected 72 h after
transfection. Levels of EGFR/Fc and
HER3/Fc homodimers were quantified
using the human EGFR or HER3 Enzyme-
Linked ImmunoSorbent Assay (ELISA)
Detection Kit following the manufacturer’s
instructions (R&D Systems, Minneapolis,
MN, USA). To quantify the Fc-mediated
heterodimers, the anti-HER3–coated
ELISA plates were used for capture and
the EGFR antibody was used for detection.

For scale-up expression of EGFR:HER3
heterodimers, log phase CHO-S cells (In-
vitrogen) maintained in Pro-CHO5
(Lonza, Allendale, NJ, USA) were trans-
ferred into Wave Bio-Reactor (GE
Healthcare, Piscataway, NJ, USA) at 1 ×
106 cell/mL in Pro-CHO5 supplemented
with 8 mM of L-glutamine and 1 × HT
(Invitrogen). The next d, the cells were
co-transfected with the corresponding
EGFR/Fc and HER3/Fc cDNA constructs.
The transfection was achieved by using
the 25 Kd linear PEI (Polysciences, War-
rington, PA, USA) at 12 mg/L. The vol-
ume of ProCHO5 was doubled 4 h after
transfection. Transfected cells were main-
tained in Wave Bio-Reactor for 7 d before
the conditioned medium was harvested.

A previously described protocol (23)
was modified to purify the Fc-mediated
EGFR:HER3 heterodimers. Briefly, con-
ditioned medium from co-transfected
CHO-S cells was clarified, ten-fold con-
centrated, and applied to a MabSelect

SuRe affinity column (GE Healthcare
Biosciences AB, Uppsala, Sweden). Col-
umn was washed extensively with PBS
containing 0.1% (v/v) TX-114 and eluted
with an IgG elution buffer (Pierce,
Rockford, IL, USA). The eluted fractions
were neutralized immediately with 1M
Tris-HCL to pH 8.0. Pool of the protein-
containing fractions was loaded onto a
Ni-Sepharose column (GE Healthcare
Biosciences AB). Column was washed
with the Ni-Sepharose Buffer containing
25 mM of imidazole. Bound proteins
were eluted with a 25-135 mM of gradi-
ent imidazole in the same buffer. The
main heterodimer peak typically was
eluted between 80–125 nM of imidazole.
Pool of the heterodimer-containing frac-
tions from the Ni-Sepharose column
was exhaustively dialyzed at 4°C in
PBS. Purity of the heterodimer prepara-
tions was determined by analytical re-
versed-phase HPLC.

Screening for Improved Ligand
Binding

Screening for binding of europium
(Eu)-labeled EGF and NRG1-β by dissoci-
ation enhanced lanthanide fluorescence
immunoassay (DELFIA, PerkinElmer,
Waltham, MA, USA) was carried out in
96-well yellow plates (Perkin Elmer).
Wells were coated with 100 μL of anti-
human Fc antibody (5 μg/mL, Sigma-
Aldrich, St. Louis, MO, USA) at room
temperature overnight. Coated plates
were rinsed three times with PBS/0.05%
Tween-20 wash buffer (WB), and blocked
with PBS/1% BSA at room temperature
for 2 h. Plates were again rinsed three
times with WB. The Fc-fusion proteins in
conditioned media from the transfected
HEK293T cells were diluted with DELFIA
binding buffer to a concentration of
20 ng/well and were added to each well
(100 μL/well). Plates were incubated at
room temperature for 2 h and then rinsed
three times with DELFIA wash buffer. The
plates then were incubated with 100 μL of
Eu-EGF (Perkin Elmer) or Eu-NRG1-β
(custom-labeled by PerkinElmer) at a con-
centration of 0.5 nM. The plates were in-
cubated at room temperature for 2 h fol-

lowed by three quick rinses with ice-cold
DELFIA wash buffer containing 0.02%
Tween-20. To quantify bound Eu-ligands,
130 μL/well of DELFIA enhancement so-
lution was added, and the plates were
read on a fluorescence plate reader (Envi-
sion, model 2100, PerkinElmer).

Screening for TGF-α and HB-EGF
binding was carried out using the TGF-α
and HB-EGF ELISA Kit (R&D System).
96-well plates were coated with 100 μL
of anti-human Fc antibody at 1 μg/mL
at room temperature overnight. Plates
were rinsed and blocked as described
above. The Fc-fusion proteins in condi-
tioned media were diluted with PBS/1%
BSA to 20 ng/well and were added to
wells at 100 μL/well. Plates were incu-
bated at room temperature for 2 h, fol-
lowed by rinsing three times with WB.
TGF-α and HB-EGF (R&D Systems)
were diluted to 5 nM with PBS/1% BSA
and were added to the plates. The plates
were incubated at room temperature for
2 h followed by rinsing rapidly three
times with ice cold WB. Bound ligands
were detected using the biotinylated de-
tection antibody against TGF-α or HB-
EGF. Subsequent ELISA color develop-
ment steps follow the manufacturer’s
instructions.

Procedures for screening EGFR ligand
binding (Eu-EGF, TGF-α, and HB-EGF)
to the immobilized EGFR:HER3 hetero-
dimers using the conditioned media were
identical to the screening for Eu-EGF,
TGF-α, and HB-EGF binding described
above, except that the plates were pre-
coated with anti-human HER3 antibody
(DYC1769, R&D Systems) at a concentra-
tion of 2 μg/mL and that the Fc-fusion pro-
teins at 100 ng/well from the conditioned
media were used for ligand binding.

Eu-Ligand Saturation Binding and
Displacement

Eu-EGF and Eu-NRG1-β saturation
binding and Eu-EGF displacement were
identical to the Eu-EGF binding screen-
ing described above, except that puri-
fied heterodimers were used and the
heterodimer concentrations used for lig-
and binding were at least ten-fold lower

R E S E A R C H  A R T I C L E

M O L  M E D  1 5 ( 1 - 2 ) 1 1 - 2 0 , J A N U A R Y - F E B R U A R Y  2 0 0 9  |  J I N  E T  A L . |  1 3



than the Kd values for the assayed lig-
ands (41). For saturation binding with
Eu-EGF, RB200 at 30 ng/well or RB242
at 2 ng/well were immobilized onto the
anti-human Fc-coated pates. For satura-
tion binding with Eu-NRG1-β, 2 ng/well
of RB200 or RB242 were immobilized.
Nonspecific binding was determined by
the presence of one-hundred-fold excess
of the corresponding unlabeled ligands.
Displacement assays were performed
with Eu-EGF (concentration of 50 nM
for RB200 or 5 nM for RB242) added to
wells in the presence of increasing con-
centrations of the indicated unlabeled
competitors.

125-Ligand Saturation Binding
125I-EGF was purchased from GE

Healthcare. TGF-α and HB-EGF (R&D
Systems) were custom-labeled by GE
Healthcare. 96-well assay plates were
coated with 5 μg/mL anti-human Fc anti-
body. Coated plates were washed and
blocked as described above. Conditioned
media or purified proteins diluted to
20 ng/well were immobilized in the anti-
human Fc-coated wells. Increasing con-
centrations of the 125I-ligands were used
to reach saturation binding. Nonspecific
binding was determined by the presence
of one-hundred-fold excess of the corre-
sponding unlabeled ligands. After bind-
ing, washed wells with bound 125I-ligands
were covered with 100 μL/well of scintil-
lation cocktail OptiPhase ‘SuperMix’
(PerkinElmer) and were read by Microβ
Trilux (PerkinElmer).

Phosphotyrosine ELISA
Phosphotyrosine ELISA was per-

formed as described (23).

Cell Proliferation Assays
TGF-α– or NRG1-β–induced cell pro-

liferation was conducted in serum-free
medium. Cells were plated in 96-well tis-
sue culture plates (Falcon #35-3075, Bec-
ton Dickinson, NJ, USA) at 2,000 to 5,000
cells per well in 100 μL culture medium,
as appropriate for each cell line, and then
grown overnight (15 to 18 h). The cells
then were serum-starved for 24 h and

were treated with 3 nM of TGF-α or
NRG1-β in the presence of increasing
concentrations of the indicated inhibitors
for 3 d. Cell proliferation was quantified
by the MTS assays. The plate then was
read on a plate reader at 490 nm wave-
length for absorbance, which was di-
rectly proportional to the number of cells
in the well. H1437 cell proliferation assay
was performed in growth medium
(RPMI1640/10% FBS). Cells were plated
in 96-well tissue culture plates at 1,000
cells per well in 100 μL culture medium.
The next d, cells were treated with in-
creasing concentrations of RB200 or
RB242 for 5 d in the same medium. Cell
proliferation was quantified by CellTiter-
Glo luminescent assay (Promega).

Mouse Tumor Xenograft Model
The H1437 non-small cell lung cancer

(NSCLC) tumor xenograft study was
performed in female CD-1 nu/nu nude
mice as described (23). Efficacy studies
were done in groups of nine mice.
H1437 cells were maintained in RPMI
1640/10% FBS. Cells were harvested
with 0.025% EDTA, washed twice with
culture medium, resuspended in sterile
PBS, and then injected subcutaneously
into mice at 6 × 106 cells in 100 μL vol-
ume. Tumor measurements were done
using a caliper, and tumor volume was
calculated from length, width, and cross-
sectional area. Treatment began when
the mean tumor volume reached approx-
imately 100 mm3. Mice were dosed with
RB200 or RB242 at 12 mg/kg i.p. in
150 μL volume, three times weekly for
three wks. Experiment was carried out
under the regulatory guidelines of
OLAW Public Health Service Policy on
Humane Care and Use of Laboratory
Animals (1996), the policies set forth in
the Guide for the Care and Use of Labo-
ratory Animals, and under the IACUC
of the Palo Alto Medical Foundation.

Data Analysis
Results from ligand binding, phospho-

tyrosine ELISA, and cell proliferation as-
says were analyzed using GraphPad
Prism 5 for nonlinear regression curve

fitting (GraphPad Software). Results
from mouse tumor xenograft experi-
ments were analyzed using two-way
Analysis of Variance (ANOVA) with
Bonferroni’s post-test.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Optimization of the EGFR Ligand
Binding Domain for Affinity
Improvement

We redesigned the EGFR ECD for in-
creased ligand affinity through computer
modeling based on the co-crystal struc-
tures of the EGFR ECD bound to EGF or
TGF-α (25,26). The affinity design was
based on the physical-chemical proper-
ties and classification of amino acids
such as charge, polarity, aromaticity,
residue volume, surface area, and solvent
accessibilities. The PAM250 matrix was
used to aid the prediction of amino acid
substitutions (39,40). A total of 85 de-
signed mutants (Supplementary Figure 1)
were created by site-directed mutagene-
sis using the EGFR ECD (aa1-621)/Fc fu-
sion protein as a template (23). Mutants
were transiently expressed in HEK293T
cells. Secreted EGFR mutants in condi-
tioned media were quantified by ELISA;
20 of the 85 mutants were not secreted.
For the remaining secreted mutants,
conditioned media containing equal
amounts of the Fc-fusion proteins (20 ng)
were used directly for ligand binding
screening in anti-Fc–coated 96-well
plates.

Screening for EGF binding was carried
out using Eu-labeled EGF; 8 out of the 65
secreted mutants showed more than a
two-fold increase in Eu-EGF binding
compared with wild-type (Wt) EGFR/Fc
(Figure 2A). The remaining mutants
showed similar, decreased, or no detect-
able binding of Eu-EGF (see Supplemen-
tary Figure 1). The eight mutants that
showed increased Eu-EGF binding were
further assayed for binding of TGF-α
and HB-EGF using ELISA-based meth-
ods for detection (see Methods). A mu-
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tant with a threonine-to-serine change at
position 15 of the mature EGFR receptor
(EGFRT15S/Fc) was found to have the
most improved binding capacity com-
bined for EGF, TGF-α, and HB-EGF (see
Figure 2A). Binding was repeated using
125I-labeled ligands and similar results
were obtained (Figure 3A–C). As shown
in Figure 3, EGFRT15S/Fc had a twenty-
six-fold improvement in affinity for
TGF-α (apparent Kd of 26.4 nM versus
1.0 nM), a six-fold improvement in affin-
ity for HB-EGF (apparent Kd of 3.8 nM
versus 0.6 nM), and a two-fold improve-
ment in affinity for EGF (apparent Kd of
1.3 nM versus 0.6 nM).

A receptor phosphorylation assay was
performed to compare the inhibitory ac-
tivity of EGFRT15S/Fc with that of the par-

ent EGFR/Fc. N87 gastric cancer cells,
known to express cell surface EGFR (42),
were serum-starved and treated with EGF
or TGF-α in the presence of increasing
concentrations of EGFR/Fc or EGFRT15S/Fc.
Phosphorylation of the full-length, mem-
brane-bound EGFR was measured by a
pan-phosphotyrosine antibody. A dose-
dependent inhibition of ligand-induced
EGFR phosphorylation by EGFR/Fc or
EGFRT15S/Fc was demonstrated (Supple-
mentary Figure 3). The mutant molecule
was ~six-fold more potent than the par-
ent molecule in inhibition of EGF-induced
EGFR phosphorylation (Table 1, EC50 of
2 nM versus 12 nM) and eleven-fold more
potent in inhibition of TGF-α–induced
EGFR phosphorylation (EC50 of 1 nM
versus 11 nM).

Optimization of HER3 Ligand Binding
Domain for Affinity Improvement

Next, we redesigned the HER3 ligand
binding domain for affinity improve-
ment following a similar approach used
for EGFR/Fc optimization. The pub-
lished structure information of HER3
ECD (30) was used for computational de-
sign. Because there is no ligand-bound
receptor crystal structure available, we
performed in silico prediction and cre-
ated a total of 120 mutants (Supplemen-
tary Figure 2). Screening for improved
binding of Eu-NRG1-β identified five
mutants with a > two-fold affinity im-
provement (see Figure 2A). A tyrosine-
to-alanine mutation at position 246
(HER3Y246A/Fc), which is located in the
dimerization arm involved in the subdo-
main II-IV tether contact, demonstrated
an eight-fold improvement in affinity for
125I-NRG1-β (Figure 3D), and was se-
lected for further work.

HER3/Fc and HER3Y246A/Fc were
compared for their potencies in inhibi-
tion of NRG1-β–induced HER3 phospho-
rylation. MCF7 breast cancer cells known
to express a high level of cell surface
HER3 (43) were serum-starved, and
treated with NRG1-β in the presence of
increasing concentrations of HER3/Fc or
HER3Y246A/Fc. As shown in Table 1 and
Supplementary Figure 3, HER3Y246A/Fc
was thirty-fold more potent than HER3/Fc
(EC50 of 1.5 nM versus 45 nM).

Optimized HER3/Fc Suppresses Ligand
Binding by Optimized EGFR

EGFRT15S/Fc was coexpressed with
HER3Y246A/Fc in HEK293T cells, and the
resulting heterodimer (RB222) (see Fig-
ure 1A,1B) was purified to ~95% homo-
geneity as described for RB200 (23). Lig-
and binding demonstrated that RB222
retained the improved affinity for
125I-NRG1-β compared with the parent
heterodimer RB200 (Kd of 1.6 nM versus
12.3 nM, Figure 1C). Surprisingly, how-
ever, RB222 no longer possessed the im-
proved affinity for EGFR ligands. As
shown in Figure 1C, heterodimers RB200
and RB222 each had an apparent Kd >
30 nM for 125I-TGF-α (binding was not
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Figure 2. (A) Ligand binding screening identifies EGFR/Fc and HER3/Fc mutants with en-
hanced affinity for EGF, TGF-α, HB-EGF, and NRG1-β. Screening was carried out in anti-Fc–
coated 96-well plates as detailed in the Methods. Mutants with increased ligand binding
from initial screening were selected for saturation binding to determine the apparent lig-
and binding affinity. Shown are mutants with affinity equal to or greater than two-fold of
that of the Wt molecules. (B) Amino acid sequence alignments of HER family proteins re-
flecting the conserved residues of EGFRT15 (top), HER3Y246 (middle), and EGFRG564 (bottom).
Positions of the first aligned residues are shown in parentheses.



saturated at 100 nM of 125I-TGF-α), while
the EGFRT15S/Fc homodimer displayed a
Kd of ~1.0 nM for the same ligand (see
Figure 3C). We concluded that the HER3
ECD suppresses the high-affinity binding
of the EGFR ECD when they are locked
in an Fc-mediated heterodimer.

A G564S Mutation Restores the High-
Affinity Binding of EGFR Ligand to
RB222

To restore the high-affinity EGFR lig-
and binding to the heterodimer RB222,
we introduced additional single muta-
tions into the EGFR arm of RB222, focus-
ing on its subdomain II/IV tether region.
A novel method was devised for efficient
screening for EGFR ligand binding to the
EGFR:HER3 heterodimer mutants in the
conditioned media without prior purifi-
cation. EGFR:HER3/Fc heterodimers as
well as HER3/Fc homodimers in the
conditioned media were immobilized on
the surface of 96-well plates, which were
pre-coated with anti-human HER3 (ECD-
specific) antibody. This was followed by
binding of EGFR ligands to the immobi-
lized EGFR:HER3/Fc heterodimers. An

important advantage of this method is
that conditioned medium containing a
mixture of heterodimers and homod-
imers can be screened directly for the
heterodimer-specific EGFR ligand bind-
ing without removal of the contaminat-
ing homodimers. Ten heterodimer mu-
tants were created and screened using
this method. A mutant named RB242
with a G564S mutation located in subdo-
main IV of the autoinhibitory tether was
recovered which showed restored high-
affinity EGFR ligand binding (see below).
RB242 subsequently was purified to
~95% homogeneity and assayed for its
ligand binding affinity.

All initial ligand affinity screening
performed above allowed us to obtain
and compare the apparent (not true) Kd

values (44). To determine the true Kd

values, we used the apparent Kd values
as a starting point to calibrate the satu-
ration binding such that the concentra-
tion of an assayed receptor was at least
ten-fold lower than the measured Kd for
the assayed ligand. When binding as-
says were performed following this
mathematic relationship (see Methods

for details) (44), RB242 demonstrated a
ten-fold improvement over RB200 in
affinity for Eu-EGF (Kd of 1.0 nM versus
9.5 nM) and a thirty-one-fold improve-
ment in affinity for Eu-NRG1-β (Kd of
0.1 nM versus 3.1 nM, Figure 4A,4B).
Competitive ligand binding was per-
formed to displace Eu-EGF binding by
unlabeled TGF-α or HB-EGF. In these
ligand displacement assays, RB242
demonstrated a thirty-four-fold im-
provement over RB200 in affinity for
TGF-α (Ki of 0.5 nM versus 17.0 nM),
and a seventeen-fold improvement in
affinity for HB-EGF (Ki of 1.1 nM versus
18.4 nM, Figure 4C,4D).

Purified RB200 and RB242 were as-
sayed for their ability to inhibit EGFR
and HER3 phosphorylation. A dose-
dependent inhibition of ligand-induced
EGFR phosphorylation by RB200 or
RB242 was demonstrated in N87 cells
and MCF7 cells (Supplementary Figure 3).
As suggested by the increased ligand
binding affinity, RB242 was sixty-five-
fold more potent than RB200 in inhibi-
tion of EGF-induced EGFR phosphoryla-
tion (Table 1, EC50 of 1.8 nM versus
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Table 1. Affinity-optimized mutants are
more potent than their parent forms in
inhibition of growth factor–induced EGFR
and HER3 phosphorylation

Approximate EC50 (nM)a

EGF TGF-α NRG1-β

EGFR/Fc 11.6 11.4 NTb

EGFRT15S/Fc 2.2 1.0 NT
HER3/Fc NT NT 45.5
HER3Y246A/Fc NT NT 1.5
RB200 117.3 199.0 25.1
RB242 1.8 19.4 1.7

aShown are the EC50 values for HER/
Fc-mediated inhibition of receptor
phosphorylation. Serum-starved cells were
treated with 3 nM EGF or TGF-α (N87 cells),
or with NRG1-β (MCF 7 cells), in the
presence of increasing concentrations of
the homodimer and heterodimer
inhibitors. Cells were lysed 10 min later.
Lysates were analyzed for the presence of
phosphorylated EGFR or HER3 using a
quantitative phosphotyrosine-ELISA assay.
bNT: not tested.

Figure 3. EGFRT15S/Fc and HER3Y246A/Fc have improved affinity for their cognate ligands. Satu-
ration binding of 125I-ligands was performed in anti-Fc–coated 96-well plates with the indi-
cated HER/Fc proteins immobilized on the surface. Binding data were plotted as fractions of
maximal 125I-ligands bound. Shown are 125I-EGF binding (A), 125I-TGF-α binding (B), 125I-HB-EGF
binding (C), and 125I-NRG1-β binding (D). Results are means ± SEM of triplicate wells.



117.3 nM), and ten-fold more potent in
inhibition of TGF-α–induced EGFR phos-
phorylation (EC50 of 19.4 nM versus
199.0 nM). Similarly, RB242 was fifteen-
fold more potent than RB200 in inhibi-
tion of NRG1-β–induced HER3 phospho-
rylation in MCF7 cells (Table 1, EC50 of
1.7 nM versus 25.1 nM).

RB242 is More Potent than RB200 in
Inhibition of Proliferation of Cultured
Tumor Cells

The effects of RB200 and RB242 on
proliferation of cultured monolayer
tumor cells were compared. Proliferation
of BxPC3 pancreatic cancer cells was in-
duced by TGF-α or NRG1-β in serum-
free medium. Growth factor–induced
BxPC3 proliferation was inhibited by
RB200 or RB242 in a dose-dependent
manner (Figure 5A, top panels). The es-
timated EC50 indicated that RB242 was
~five-fold more potent than RB200 in in-
hibition of TGF-α– or NRG1-β–induced
proliferation in a 3-d proliferation assay.
As much as a 200% increase in inhibition
was seen in RB242-treated BxPC3 cells.

This presumably resulted from prolifera-
tion of BxPC3 cells in serum-free condi-
tion which was inhibited by RB242. Sim-
ilarly, serum-starved MCF7 breast cancer
cells were induced to proliferate by
NRG1-α; this proliferation was inhibited
by RB200 or RB242 (Figure 5A, bottom
left panel). The estimated EC50 indicated
that RB242 was seven-fold more potent
than RB200 in a 5-d proliferation assay.
Proliferation of human H1437 NSCLC
cells was analyzed in growth medium
(RPMI1640/10% FBS) with increasing
concentrations of RB200 or RB242. As
shown in Figure 5A (bottom right
panel), RB242 was about five-fold more
potent than RB200 in a 5-d proliferation
assay (EC50 of 18.9 nM versus 100.7 nM).

RB242 Demonstrates Improved Anti-
Tumor Activity in a Mouse Model of
Human Non-Small Cell Lung Cancer

In vivo efficacy of RB200 and RB242
was compared in nude mice bearing tu-
mors derived from human H1437 NSCLC
cells. This model was chosen because
RB200 and RB242 showed direct antipro-

liferative activity in vitro (Figure 5A, bot-
tom right) (23). H1437 cells were injected
subcutaneously and allowed to grow to
~100 mm3 before treatment started. In
this model, RB200 dosed at 12 mg/kg
showed a trend in growth inhibition of
the established tumors (Figure 5B, P >
0.05). Administered at the same dose,
RB242 demonstrated improved anti-
tumor activity with ~50% inhibition of
tumor growth after two wks of treatment
(P < 0.01), consistent with its enhanced
inhibitory activity in cultured tumor cells
(see Figure 5A).

DISCUSSION
In the present study, we scanned the

ECDs of the EGFR and HER3 in silico for
amino acid changes that would impact
ligand binding. The amino acid changes
made were based upon crystallographic
studies of the ECD of the EGFR com-
plexed with TGF-α (25) or EGF (25,26),
the structure of the HER3 ECD (30), and
previous work indicating that negative
interactions dominate HER ligand speci-
ficity and affinity (45). We predicted
amino acid changes that could release
the subdomain II-IV ‘tethering’ interac-
tions, thus favoring a structure in which
the EGFR and HER3 extracellular do-
mains would prefer the high-affinity con-
formation (24,27,33,34,37), and in which
other changes would stabilize the ligand-
receptor complex (46).

A total of 85 and 120 molecules were
screened as variants of EGFR/Fc or
HER3/Fc homodimers. A subset of the
variants (24% of EGFR/Fc) were not se-
creted from transfected 293T cells, and
were not further characterized. Of the re-
maining candidate molecules, 88% of the
EGFR variants and 96% of the HER3
variants had similar, reduced, or no de-
tectable binding of Eu-EGF or Eu-NRG1-
β, respectively. Despite rational design
based upon known structures, only 12%
of EGFR and 4% of HER3 variants
showed > two-fold increase in binding
affinity for ligands. This low frequency
of high-affinity binding molecules is
likely due to inconsistencies between
crystal and solution structures, and other
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Figure 4. RB242 has restored high-affinity for EGFR ligands. Ligand binding was performed
in anti-Fc–coated 96-well plates using the optimized ligand binding conditions as detailed
in Methods. Saturation binding of Eu-EGF and Eu-NRG1-β (A,B). Displacement of Eu-EGF
with unlabeled TGF-α or HB-EGF (C,D). Results were representatives of three independent
experiments, and were normalized to fractions of receptors bound with ligands (with the
largest mean value in each dataset defined as 1).



aspects of ligand-receptor associations
which are not understood (27).

The T15S EGFR ECD mutation has not
been reported previously. Among the 67
EGFR mutants screened, EGFRT15S/Fc is
the only one with improved affinity for
multiple ligands (EGF, TGF-α, and HB-
EGF). Thr15 of EGFR is conserved
among the ligand-binding HER family

proteins but not in the orphan receptor
HER2 (Figure 2B). The EGFR ECD crys-
tal in complex with TGF-α (25) suggests
that Thr15 of EGFR forms direct contact
with the conserved Cys32 of mature
TGF-α via a 3.1 Å hydrogen bond (Sup-
plementary Figure 4). A Thr15-to-Ser mu-
tation likely shortens the hydrogen bond
from 3.1 Å to 2.7 Å (measured with

Swiss-PdbViewer) (47), suggesting that
this may be one of the possible mecha-
nisms for more stable binding between
the EGFR ECD and TGF-α. This possibil-
ity can be extended to the improved
affinity for EGF and HB-EGF since Cys
at this position is 100% conserved among
HER ligands.

HER3Y246A/Fc showed a significant im-
provement in affinity for NRG1-β. Y246A
is conserved among all HER members
(see Figure 2B). It is a critical residue im-
plicated in stabilization of the receptor
dimers and subdomain II/IV tethers (34).
Data from crystallographic studies indi-
cate that Y246 of HER3 forms direct in-
tramolecular contact with D562 and K583
via hydrogen bonds (30). However, un-
like Y246A mutation in HER3/Fc, the
same mutation in the EGFR/Fc abolishes
its high-affinity binding of EGF (see Sup-
plementary Figure 1). This is presumably
because Y246A is also involved in stabi-
lization of the receptor dimers (34), and
receptor dimerization is required for the
high affinity binding of cognate ligands
by soluble EGFR/Fc but not required by
soluble HER3/Fc (our unpublished ob-
servation). Presumably for a similar rea-
son, Y246 mutations in full-length EGFR
abolish its high-affinity binding of EGF
and impair receptor function (34). Muta-
tions at Y246 in HER3 have not been
reported previously. However, an
sHER3H565F mutant, which weakens or
releases the subdomain II-IV intramolec-
ular tether, results in a five-fold higher
affinity for NRG (33). Thus, mutagenic
disruption from either side of the subdo-
main II/IV tether allows higher HER3
ECD ligand binding affinity.

Our ligand binding assays revealed a
negative effect of the HER3 ECD on
EGFR ligand binding in the Fc-mediated
EGFR:HER3 heterodimeric configura-
tion. Affinity modulation due to het-
erodimerization of HER members has
been reported previously. A high-
affinity NRG binding site is created by
HER2/3 or HER2/4 heterodimerization
(4,5), but suppression of high-affinity
EGF binding by HER3 has not been de-
scribed previously. Our study predicted
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Figure 5. (A) RB242 is more potent than RB200 in inhibition of proliferation of cultured tumor
cells. (Top panels) Serum-starved BxPC3 pancreatic cancer cells were treated with 3 nM of
either TGF-α (top left) or NRG1-β (top right) for 3 d in the presence of increasing concen-
trations of RB200 or RB242. (Bottom left) Serum-starved MCF7 cells were treated with 3 nM
of NRG1-β for 3 d in the presence of increasing concentrations of RB200 or RB242. (Bottom
right) Proliferation of H1437 NSCLC cells in growth medium (RPMI1640/10%FBS) for 5 d in the
presence of increasing concentrations of RB200 or RB242. Cell proliferation was quantified
as described in Methods. Results are means ± SEM of 8 or 16 replicates. Approximate EC50

values for BxPc3 cells were determined with the constraint type set to top constant equal
to 100. (B) RB242 has improved anti-tumor activity in a mouse tumor xenograft model.
Nude mice were transplanted with H1437 NSCLC cells subcutaneously as described in
Methods. When the tumor volume reached approximately 100 mm3, the mice were
treated with either PBS vehicle (�) or RB200 (�) or RB242 (�) at 12 mg per Kg administered
intra-peritoneally three times weekly for 3 wks. There were nine mice per each treatment
group. Data are expressed as mean tumor volume ± SEM. ** = P < 0.01 by two-way ANOVA
with Bonferroni’s post test.



that a conformational constraint oc-
curred in the ligand binding domain of
EGFR as a result of heterodimerization
with HER3 ECD. We hypothesized that
the intramolecular tether (24,30,48) of
the EGFR failed to release upon ligand
binding, and that a HER3 ECD-derived
conformational constraint keeps the
EGFR ECD in a locked (inactive) config-
uration. Our hypothesis seems to be
supported by mutagenic disruption of
the domain II/IV tether. A Gly564-to-
Ser mutation restored EGFR ligand
binding affinity (Kd or Ki change from
9.1 nM to 1.0 nM, 17.0 nM to 0.5 nM,
and 18.4 nM to 1.1 nM for EGF, TGF-α,
and HB-EGF, respectively). Alterna-
tively, the G564A mutation might affect
the subdomain IV-mediated receptor-
receptor interaction within the het-
erodimer leading to a reorientation of
subdomains I and III in the opposite
strand (24,30,48). In this context, the
triple mutant heterodimer (RB242) not
only demonstrated improved affinity
for EGFR ligands, but also enhanced
HER3 ligand binding of NRG1-β fur-
ther (Kd change from 3.1 nM to 0.1 nM).
Gly564 is conserved among the ligand
binding HER family proteins (see Fig-
ure 2B). It forms direct contact with
Y251 via a hydrogen bond, and plays
an important role in tether formation
(30). While a Gly564-to-Pro mutation
was reported to have little effect on
both EGF binding and receptor function
in full-length membrane EGFR (49),
several other subdomain IV tether mu-
tations in soluble EGFR ECD generated
increased high-affinity binding sites
(24,27,34,37), emphasizing again the
discrepancy between soluble and full-
length membrane receptors (34). In the
present study, a Gly564-to-Ser mutation
reversed the negative effect of HER3
ECD on EGFR ligand binding. Whether
natural transmembrane HER3 can sup-
press full-length EGFR in ligand bind-
ing is not yet known.

We don’t know why the G564D and
G564S mutants increase HB-EGF and
Eu-EGF binding, but have no effect on
TGF-α binding (see Figure 2A). How-

ever, we predict that, as mentioned ear-
lier, mutations at G564 may have an ef-
fect on the subdomain IV-IV interactions
within the receptor dimer, leading to a
reorientation of subdomains I and III
(24,30,48), to such an extent as to posi-
tively affect the binding of HB-EGF and
Eu-EGF, but not TGF-α.

Burgess’s group previously reported
that EGFR-501, a truncated ectodomain
of EGFR which removes the tether on
subdomain IV, has enhanced affinity for
EGFR ligands (37). Its affinity is further
increased upon its C-terminal fusion to
an Fc (personal communication). Thus, it
would be interesting to compare the
affinity of EGFR-501-Fc with our mutants
in the same assays.

Cell-based assays confirm that RB242 is
about ten- to sixty-fold more potent than
RB200 in inhibition of ligand-induced
HER phosphorylation, and is about five-
to seven-fold more potent in inhibition of
serum growth factor–induced tumor cell
proliferation. Our in vivo studies demon-
strated that RB242 is more potent in inhi-
bition of growth of tumor xenografts de-
rived from human H1437 NSCLC cells in
nude mice. These results show a correla-
tion between increased ligand binding
affinity and improved in vitro and in vivo
anti-proliferative activity of pan-HER–
targeted ligand traps.

Resistance to single-targeted anti-HER
agents such as cetuximab may be attrib-
uted in part to multiple HER co-activation
(12,15,16,19–21,50). One strategy to re-
duce resistance and improve efficacy of
HER-targeted therapies is to inhibit mul-
tiple HER family members simultane-
ously (23). RB242, a rationally designed
mutant with improved affinity for the
majority of HER ligands, may represent a
unique single molecule entity capable of
implementing this anti-cancer therapeu-
tic strategy.
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