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The epidermal growth factor (EGF) receptor is a
receptor tyrosine kinase involved in the control of
cell proliferation, and its overexpression is
strongly associated with a variety of aggressive
cancers. For example, 70–80% of metaplastic
(cancer cells of mixed type) breast carcinomas
overexpress EGF receptors. In addition, the EGF
receptor is a highly significant contributor to com-
mon brain tumors (glioblastoma multiforme), both
in initiation and progression (Huang P.H., Xu A.M.,
White F.M. (2009) Oncogenic EGFR signaling net-
works in glioma. Sci Signal;2:re6.). Brain metasta-
ses, an unmet medical need, are also common in
metastatic cancer associated with overexpression
of EGF receptors. Formation of EGF receptor ho-
modimers is essential for kinase activation and
was the basis for exploring direct inhibition of EGF
receptor activation by blocking dimerization with
small molecules. While inhibitors of protein ⁄ pro-
tein interactions are often considered difficult
therapeutic targets, NSC56452, initially identified
by virtual screening, was shown experimentally to
inhibit EGF receptor kinase activation in a dose-
dependent manner. This compound blocked EGF-
stimulated dimer formation as measured by chemi-
cal cross-linking and luciferase fragment comple-
mentation. The compound was further shown to
inhibit the growth of HeLa cells. This first-genera-
tion lead compound represents the first drug-like,
small-molecule inhibitor of EGF receptor activation
that is not directed against the intracellular kinase
domain.
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The epidermal growth factor (EGF) receptor is a transmembrane
receptor tyrosine kinase that belongs to the ErbB super family. The
EGF receptor (EGFR, ErbB1) is the prototype for the ErbB family that
also includes ErbB2 (HER2), ErbB3, and ErbB4. Binding of EGF to its
receptor induces the formation of EGF receptor homodimers, result-
ing in autophosphorylation of the EGF receptor, stimulation of
down-stream signaling pathways, and enhanced cell proliferation. In
addition, signaling diversification is achieved through heterodimer-
ization among the ErbB family members. The complexity of this net-
work represents a significant factor for the observed phenotypic
heterogeneity and variable drug responses among cancer types. The
EGF receptor itself plays a critical role in the regulation of signaling
cascades that ultimately induce cell proliferation, survival, and
migration (1). The receptor is composed of an extracellular
ligand-binding domain, a single transmembrane helix, an intracellu-
lar tyrosine kinase domain, and an approximately 200 amino acid
C-terminal tail (2). Thought to exist as a monomer in cell mem-
branes, the receptor is known to dimerize upon binding EGF (1).
Dimerization of the EGF receptor leads to stimulation of its tyrosine
kinase activity (3), resulting in transphosphorylation of specific tyro-
sine residues on the C-terminal tail of the receptor (1). These phos-
photyrosines serve as binding sites for a variety of proteins that
mediate activation of critical downstream signaling pathways (4).

Dimerization is a prerequisite for EGF receptor activation (4) and is
driven by interactions between the extracellular domains of the two
monomeric partners (5–8). Recent crystal structures of the dimeric
extracellular domain revealed that the dimerization interface
was centered on a protruding loop, known as the dimerization arm
(Figure 1). Consistent with the importance of this loop, mutation of
either Tyr-246 or Tyr-251 within this arm abolished EGF receptor ho-
modimer formation (5,9). We reasoned that the critical requirement
for ectodomain dimerization could be exploited to preclude receptor
activation and set out to test the feasibility of targeting the dimer-
ization process with small molecules. Our rationale was as follows.
Current clinical therapeutics either target the extracellular domain
of the EGF receptor, ErbB2, or most recently ErbB3 with monoclonal
antibodies (mAbs; cetuximab, trastuzumab, panitumumab, nim-
otuzumab and pertuzumab, MM-121, AMG-888), or inhibit the intra-
cellular tyrosine kinase activity with orally available small drug-like
tyrosine kinase inhibitors (TKIs; gefitinib, erlotinib, lapatinib)
(reviewed in (10,11)). These agents have shown promising
but highly variable clinical benefits, thus highlighting the need for
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continued effort to improve anti-ErbB therapeutic efficacy. Poten-
tially, drug-like compounds (<600 MW) in contrast to mABs (145-kD
proteins) could be optimized for crossing the blood–brain barrier to
treat CNS metastases. In addition to the off-target effects often
associated with TKIs, resistance in the forms of mutations within
the ATP-binding site of the kinase domain (12,13) or through signal
diversification ⁄ amplification caused by receptor homo- and hetero-
dimerization (14,15) has recently raised new concerns.

Based on this motivation, we report the identification of a small-
molecule lead compound capable of inhibiting the activation of the
EGF receptor by blocking homodimer formation. This inhibitor was
initially identified by applying a consensus virtual high-throughput
screening (vHTS) protocol to screen the National Cancer Institute
Diversity (NCI-Diversity) library (http://dtp.nci.nih.gov/branches/dscb/
diversity_explanation.html) for compounds with the potential to bind
to the same pocket that Tyr-246 and Tyr-251 of the dimerization
arm recognize. Subsequent biochemical assays confirmed that this

compound selectively impaired EGF receptor dimerization and inhib-
ited cell proliferation. This compound represents the first member
of a new class of small-molecule inhibitors of EGF receptor activa-
tion and signal transduction.

Results

Assessment of the virtual high-throughput
screening protocol
The vHTS employed in these experiments used AutoDock 4.0 (16,17)
to dock approximately 2000 compounds present in the NCI Diversity
database to a 25 · 25 · 25 �3 docking box centered on the Tyr-
246 ⁄ Tyr-251 recognition pocket of the dimerization arm of the EGF
receptor. For each compound, 100 docking poses were generated
using AutoDock, and each pose was combined with the original
protein structure without reminimization to form a docked protein–
ligand complex. These complexes were subsequently rescored based
on the optimality of the complexes and independently reranked
accordingly by eight additional scoring functions. These generated
rankings were then summed together in an equal-weight consensus
schema to yield a final ranking for each compound pose. The final
ranking of each compound represents its best-ranked compound
pose calculated by this consensus scheme. Details of the protocol
are presented in the method section.

The performance of our consensus vHTS protocol was subsequently
assessed by evaluating the enrichment power. The enrichment of a
vHTS protocol is typically measured by its ability to recover true posi-
tives as early as possible in a ranked compound library. Protocol eval-
uation thus depends on the availability of existing reference active
compounds. In the current case, because there were no existing
dimerization inhibitors, it was not possible to evaluate the enrichment
power of our vHTS protocol for the EGF receptor system a priori. As a
result, robustness, measured as the average enrichment across differ-
ent protein targets, became a critical criterion for evaluating the pro-
tocol performance. Our protocol was applied to four different protein
targets: plasmepsin II (PMII), human cyclin-dependent kinase 2 (Cdk2),
estrogen receptor (ER), and yeast heat shock protein (Hsp90). Structur-
ally diverse compounds (positives) bound to these protein targets
were extracted from cocrystal structures in the Protein Data Bank and
were mixed with 1926 decoy compounds (negatives) to construct a
testing library. The ability of the vHTS protocol to recover positives
was evaluated using enrichment-curve analysis (18).

The protocol recovered at least one true positive within the top 1%
of the ranked library for PMII, Cdk2, and ER, and within the top
15% of the library for Hsp90 (Figure 2, Table 1). On average, this
protocol is expected to recover at least one true ligand within the
top 3.5%, and nearly 2 ⁄ 3 of all ligands within the top 15% of the
representative libraries.

Inhibition of EGF receptor activation as the
first-pass screen
We applied the vHTS protocol to the EGF receptor and obtained
samples of the 80 top-ranked compounds (top 4%) along with 40
randomly chosen compounds from NCI for testing. Of the 80 com-
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Figure 1: The target site at the epidermal growth factor (EGF)
receptor dimerization interface. (A) Crystal structures of the extra-
cellular domain of the EGF receptor homodimer (PDB:1MOX) and
the dimerization arm (box). (B) Critical residues Y246 and Y251 pack
into adjacent pockets at the dimer interface.
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pounds, four were not soluble in water or DMSO and, therefore,
not pursued further. The remaining 76 compounds were tested for
their ability to inhibit EGF-stimulated receptor autophosphorylation
in cells at a concentration of 100 lM.

Of the 76 compounds tested, 20 produced a significant (>60%)
decrease in activation as measured by the level of phosphorylation
at Tyr-1173, the major site of autophosphorylation on the EGF
receptor. By contrast, none of the 40 compounds randomly chosen
from the same library inhibited receptor phosphorylation when
assayed under the same conditions (results not shown). This high-
lights the enrichment and the utility of our vHTS protocol in the
present application to target the EGF receptor system.

Subsequent dose–response experiments following the initial screen
at 100 lM confirmed the inhibitory effects of these compounds.
Figure 3 presents the structure and the characterization of
NSC56452, a compound that turned out to be the featured inhibitor
in this work. In the phosphorylation assay, NSC56452 exhibited an
estimated IC50 value of 0.4 lM, the most potent compound of all
20 first-round candidates.

Specific inhibition of EGF receptor activation
by lead compounds
To assess the specificity of inhibition, the 20 candidates were tested
for their ability to inhibit two related receptor tyrosine kinases, the

insulin receptor and the PDGF receptor. For the insulin receptor, insu-
lin-stimulated tyrosine phosphorylation of IRS-1 in differentiated
3T3-L1 cells was assessed (19). For the PDGF receptor, PDGF-stimu-
lated receptor autophosphorylation in NIH3T3 cells was measured
(20). Neither 3T3-L1 cells nor NIH3T3 cells express the EGF receptor
obviating potential problems associated with receptor crosstalk.

Of the 20 compounds that inhibited EGF receptor autophosphoryla-
tion, two inhibited insulin-stimulated IRS-1 phosphorylation and four
others inhibited PDGF receptor autophosphorylation (Figure 4). An
additional three compounds markedly enhanced PDGF receptor auto-
phosphorylation. A total of nine compounds were thus eliminated
from further consideration because of lack of specificity for the EGF
receptor.

Inhibition of EGF receptor dimerization by lead
compounds
Because the lead inhibitors were initially chosen based on their
potential to interfere with EGF receptor dimerization, we next deter-
mined whether the remaining 11 candidates inhibited EGF receptor
autophosphorylation by directly blocking receptor dimerization. Two
independent assays, chemical cross-linking and a novel live-cell
reporting assay, were utilized for the purpose of obtaining confirma-
tory and complementary results. In the chemical cross-linking exper-
iment, cells were preincubated with the inhibitors for 15 min at a
final concentration of 100 lM. EGF at 25 nM was then added
followed by 3 mM BS3, a membrane-impermeable chemical cross-
linker. Figure 5A shows the effect of a subset of these inhibitors on
the cross-linking of EGF receptor dimers.

Among the 11 tested compounds, only NSC56452 and one other
compound (NSC11241) significantly reduced the formation of high
molecular weight oligomers, while the remaining compounds, as
represented by NSC309895 and NSC303769, failed to block oligo-
mer formation. Because the cross-linker was used at a concentra-
tion 30-fold higher than that of the inhibitors (3 mM versus
100 lM), it is unlikely that this inhibition was caused by quenching
of the cross-linking reaction by the compounds. Consistent with this
conclusion, increasing the concentration of cross-linker BS3 to 5 mM

yielded the same results (results not shown). It is possible, how-
ever, that false negatives may have been obtained if the reaction
of test compound with cross-linker prevented that compound from
binding to the EGF receptor.

The two hits from the chemical cross-linking assay, NSC56452
and NSC11241, were further characterized by the luciferase

Figure 2: Evaluation of the vHTS protocol against four test
cases shown in an enrichment curve analysis. In each case, multiple
known ligands were mixed with approximately 2000 random com-
pounds to form the screening library. The black diagonal line repre-
sents the random distribution of active molecules.

Table 1: Efficacy and robust-
ness of the vHTS protocol Targets Coverage1%

a (%) Coverage15% (%) Coverage30% (%) Coverage50% (%) Bestb (%)

Cdk2 3 49 67 79 0.05
PMII 60 100 100 100 0.65
Estrogen receptor 69 81 94 100 0.05
HSP90 0 20 60 100 13.21
Avg 33 63 80 100 3.5

aCoveragefraction = number of known actives recovered within the given fraction of the database ⁄ total number of
actives present in the database · 100%.
bBest = ranking of the best predicted active ⁄ database size · 100%.

Direct Inhibition of EGF Receptor Dimerization

Chem Biol Drug Des 2010; 76: 1–9 3



fragment complementation imaging assay recently developed in
our laboratory (21). In this assay, an EGF receptor lacking the
entire intracellular domain (referred to as DC-EGFR) is fused with

either an N-terminal (NLuc) or a C-terminal (CLuc) fragment of
firefly luciferase. Ligand-induced dimerization of the DC-EGFR
brings the luciferase fragments into close proximity, resulting in
enzyme complementation and luciferase activity. The rate and
extent of receptor dimerization could, therefore, be measured by
following photon flux in the presence of luciferin. Figure 5B shows
the dose–response of NSC56452 in comparison with DMSO and
cetuximab treatments, while Figure S1 displays results from a
wider range of doses.

As expected, EGF stimulated a rapid increase in light production
in DMSO-treated control cells reflective of ligand-induced dimer
formation. Cetuximab, an FDA-approved antibody-based drug that
binds to the extracellular domain of the EGF receptor (22,23),
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Figure 4: Specificity of the inhibitors for the epidermal growth
factor receptor. Cells expressing either the insulin receptor or the
PDGF receptor were preincubated with 1% DMSO (controls) or
100 lM of each of the 20 candidate compounds. (A) Insulin receptor
kinase activity was assessed by measuring the phosphorylation of
IRS-1 in response to 3 nM insulin for 1 min. The data shown are
representative of three separate experiments. (B) PDGF receptor
kinase activity was assessed by measuring autophosphorylation of
the PDGF receptor in response to 2 nM PDGF for 3 min. The data
shown are representative of two separate experiments.

B
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Figure 5: Testing for inhibition of epidermal growth factor (EGF)
receptor dimerization by two methods. (A) Chemical cross-linking
assay. Cells were preincubated with 1% DMSO (lane 1 and 2) or
100 M of different inhibitors (lanes 3–6) prior to stimulation with
25 nM EGF (lanes 2–6) for 5 min. All cells were then treated with
3 mM BS3. NSC11241 (lane 3) and NSC56452 (lane 5) significantly
inhibit dimer formation, while lanes 4 and 6 show compounds that
did not inhibit dimer formation. (B) Luciferase fragment complemen-
tation. Cells stably expressing DC-EGFR-NLuc and DC-EGFR-CLuc
were pretreated with DMSO, the indicated concentrations of
NSC56452 or 1 lg ⁄ mL cetuximab for 20 min in the presence of
0.6 mg ⁄ mL D-luciferin prior to the addition of 3 nM epidermal
growth factor (EGF). All assays were performed in quadruplicate.
Data represent the change in photon flux between cells treated
with or without EGF.

Figure 3: Inhibition of epidermal growth factor (EGF) receptor
autophosphorylation by NSC56452. Cells were preincubated with
NSC56452 or 1% DMSO for the control. Inhibition of EGF receptor
autophosphorylation of the controls (lanes 1 and 2) and increasing
doses of NSC56452. Residual kinase activity was estimated by den-
sitometry and plotted to obtain IC50 values. Structure and molecular
weights of NSC56452 are also shown.
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dramatically decreased EGF-induced luciferase activity, thus serving
as a positive control for dimer inhibition. Consistent with the
cross-linking experiment, NSC56452 exhibited a dose-dependent
inhibition of the dimer-driven luciferase complementation (IC50 of
approximately 7 lM) and maximally inhibited dimerization by 50%
to 60%. The absence of the intracellular domain in these EGF
receptor ⁄ luciferase constructs eliminated the possibility that com-
pound inhibition involves interaction with the kinase domain and
suggested that NSC56452 acted by directly inhibiting the interac-
tion of extracellular domains. Consistent with this interpretation,
erlotinib, an intracellular TKIs, had no effect on luciferase comple-
mentation under the same conditions (Figure S2). The other com-
pound, NSC11241, failed to inhibit in a dose-dependent manner
(Figure S3) and was not pursued further. In addition, NSC56452
displayed no inhibitory effect on the complementation of the NLuc
and CLuc fragments themselves because it did not inhibit an inde-
pendent control system (24) at 25 lM where luciferase fragments
were fused with FRB-NLuc and its binding partner, CLuc-FKBP
(results not shown).

Additional mechanistic characterization of
NSC56452
The luciferase complementation data using the DC-EGFR constructs
suggest that NSC56452 inhibit dimerization by binding to a site on
the extracellular domain of the receptor. However, it was possible
that the observed inhibition might be attributed to interference with
the binding of EGF to the receptor at the ligand-binding site. To
address this possibility, we measured the effect of NSC56452 on
the binding of 125I-EGF to CHO cells expressing the EGF receptor.
As shown in Figure S4, NSC56452 had little effect on the binding
of EGF but inhibited kinase activity by approximately 75%. This find-
ing suggests that this compound does not compete with EGF for
binding to the EGF receptor and is unlikely to inhibit kinase activity
through any effect on ligand binding.

Based on the predicted docking site of NSC56452 (Figure S5), one
of the compound's ring systems overlaps with the pair of adjacent
interaction sites for Tyr-246 and Tyr-251 of the partner dimerization
arm, with a second ring system extending into a secondary pocket
distal to the main dimerization interface (Figure S5, around residue
Ala-286). To determine whether NSC56452 was likely to bind at the
predicted site, we reasoned that a substitution of Ala-286 with a
bulky Trp residue (A286W) at this distal secondary site would steri-
cally hinder the binding of NSC56452 while preserving the natural
process of inter-receptor dimerization.

The autophosphorylation of wild-type and A286W-EGF receptors in
the presence of NSC56452 is compared in Figure 6. Although the
mutant showed slight decrease in the activation potency than its
wild-type counter parts, we were still able to measure the relative
inhibition by the inhibitor. NSC56452 dose-dependently inhibited
kinase activity of wild-type EGF receptor to a maximum of 75%;
while by contrast, its inhibitory effect was markedly weakened to
only about 25% in cells expressing the A286W-EGF receptor. These
results are consistent with the hypothesis that the A286W mutation
sterically hinders the binding of NSC56452 and, thus, support the
predicted docking site of the compound.

Growth inhibition of HeLa cells by NSC56452
To assess the effect of NSC56452 in a longer time-point setting,
we next tested its ability to inhibit the proliferation of HeLa cells
that express endogenous EGF receptors (Figure 7). For comparison,
the cells were also treated with the EGF receptor TKI erlotinib. By
itself, NSC56452 induced the significant inhibition of cell growth at
50 lM but had little effect at the lower dose of 12.5 lM. Interest-
ingly, the growth inhibition at this suboptimal dose of 12.5 lM

could be significantly enhanced when given in combination with a
non-responsive dose of erlotinib that failed by itself to inhibit HeLa
cell proliferation. The apparent synergistic effect of the two com-
pounds is again consistent with the hypothesis that NSC56452
inhibits EGF receptor activity through a mechanism different from
that of the classical tyrosine-kinase inhibitors.

Discussion

Recent X-ray crystallographic structures of the EGF receptor have
identified the mechanism through which the receptor dimerizes (6–
8). In these structures, residues 242–259 comprise a dimerization
arm that mediates receptor–receptor interactions. Based on the
sensitivity of receptor dimerization to mutations of critical residues
on the arm (5,9), we hypothesized that these interactions could be
exploited to discover compounds capable of interfering with EGF
receptor dimerization and activation.

In this work, we adopted a top–down approach that combines vir-
tual high-throughput screening with biochemical assays to identify

Figure 6: Effect of the A286W mutation on the sensitivity to
NSC56452 inhibition. Mixed CHO cell culture expressing either wild-
type or A286W-EGF receptors were preincubated with 1% DMSO
(control) or NSC56452 at the indicated doses for 20 min at room tem-
perature before stimulation with 3 nM epidermal growth factor for
1 min. Data shown are representative of two separate experiments.
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inhibitors of EGF receptor dimerization. By testing only 4% of the
NCI-diversity library, we identified a lead compound, NSC56452,
that selectively inhibits EGF-stimulated tyrosine kinase activity while
having no effect against other related PDGF and insulin membrane
receptor tyrosine kinases. Several lines of evidence suggest that
NSC56452 works by inhibiting EGF receptor dimerization. In both
chemical cross-linking assay and luciferase fragment complementa-
tion assay, NSC56452 significantly reduced the formation of EGF-
induced high molecular-weight oligomers and luciferase complemen-
tation, respectively. It should be noted that because the luciferase
fragment complementation assay utilized only the extracellular por-
tion of the EGF receptor, the ability of NSC56452 to inhibit lucifer-
ase activity thus indicates that the effect is caused by its
interaction with the ectodomain of the EGF receptor. This is a sig-
nificant contrast to classical TKIs. Interestingly, NSC56452 acted
synergistically with the EGF receptor-specific TKI, erlotinib, to inhibit
HeLa cell proliferation which provided further support that the two
inhibitors act via different mechanisms.

At the dimerization interface, NSC56452 is predicted to bind to two
distinct pockets (see Supplemental Figure S4). The first is the
pocket that recognizes Tyr-246 ⁄ Tyr-251 which would explain
NSC56452's ability to inhibit receptor dimerization. The second
pocket is distal to the main receptor dimerization interface and
appears to serve as an auxiliary anchor point for inhibitor binding.

Based on the computational docking model of NSC56452 (Supple-
mental Figure S4), mutation of residue Ala-286 to a bulky Trp resi-
due at the secondary binding pocket was predicted to impair the
binding of the compound to the receptor. Indeed, EGF receptors
bearing the A286W mutation was significantly less sensitive to
inhibition by NSC56452 than its wild-type counterpart. While a

cocrystal structure is needed to definitively identify the exact bind-
ing mode of NSC56452, these results are consistent with the com-
putationally model and the proposed inhibition mechanism.

We do note that NSC56452 exhibits different IC50 values for inhibit-
ing receptor autophosphorylation (approximately 0.4 lM) versus
receptor dimerization measured by the luciferase fragment comple-
mentation assay (approximately 7 lM). The basis for this discrep-
ancy is likely a result of the fact that the EGF receptor constructs
used in the luciferase assay lacked the kinase domain, whereas the
autophosphorylation studies utilized full-length EGF receptor. This
experimental difference thus distinctly highlights the differences in
the nature of the readouts between the two assays – the luciferase
assay directly measured the extracellular-driven dimerization pro-
cess, while phosphorylation measured receptor activation as a con-
sequence of dimerization. These two processes may not be of a 1:1
relationship because of the possibility that receptor autophosphory-
lation could occur both within dimers and higher-order oligomers of
dimers (25), which would make this process more sensitive to
changes in the upstream receptor dimerization status. NSC56452
may thus be useful for dissecting the nature of processes that
involve receptor dimers versus oligomers. The reason for the incom-
plete inhibitions of phosphorylation and dimerization is unclear. We
speculate that it may be a consequence of the presence of higher-
order oligomers as discussed previously and ⁄ or the fact that
NSC56452 is a suboptimized lead compound. Optimized next-gener-
ation analogs of NSC56452 with improved potency will be utilized
to address this question.

In addition to its utility as a research tool, NSC56452 can serve as
a lead for further development of anticancer agents to complement
existing therapeutics. In the recent release of the NCI Cancer
Screening Data against 60 cancer cell lines (http://dtp.nci.nih.gov/
compare-web-public_compare/login.do, accessed in April of 2009),
NSC56452 was reported to inhibit the growth of three cancer cell
lines: SK-MEL-5, UO-31, and COLO205 cells. SK-MEL-5 (26) and UO-
31 (27) cells both overexpress EGF receptors, while COLO205 cells
overexpress the highly homologous ErbB2 receptor (28). The appar-
ent sensitivity of these EGF receptor ⁄ ErbB-expressing cells to
NSC56452 is intriguing and suggests that optimized versions of this
compound may be useful chemotherapeutic agents.

Conclusions and Future Directions

The EGF receptor is a membrane receptor tyrosine kinase whose
overexpression has been implicated as causal in many aggressive
human cancers. Novel strategies to inhibit the activation of EGF
receptors other than the conventional antibody-based and tyrosine-
kinase inhibitors are virtually non-existent but could provide addi-
tional benefits both in laboratory and clinical settings. In particular,
ongoing research has continuously highlighted resistance as an ele-
vated challenge based on reports that tumors characterized by
abnormal levels of EGFR homodimerization (15,29), EGFR-ErbB2
heterodimerization (30), and mutations within the ATP-binding site
of the kinase domain (12,13) often display increased resistance to
current treatments. In this setting, inhibitors that block signaling by
multiple ErbB receptors could potentially represent more effective

Figure 7: Inhibition of HeLa cell proliferation. Cells were grown
in the absence or presence of erlotinib, NSC56452, or a combina-
tion of the two inhibitors at the indicated doses. Cell proliferation
was measured by the cellTiter 96 Aqueous One Solution Cell Prolif-
eration Assay after 48-hr incubation with the inhibitors. All experi-
ments were performed in triplicate. All cultures contained 1%
DMSO.
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chemotherapeutic agents than those targeting one of the ErbB
receptors. Targeting protein–protein interactions with small-mole-
cules is thought to be more difficult, and thus a less explored strat-
egy. However, a number of recent successful examples [reviewed in
(31)] have generated increased interest in this direction. In an effort
to 'think outside of the kinase box', we focused on targeting the
protein–protein interactions that drives the essential dimerization of
the EGF receptor and other ErbB-family members. The top–down
workflow of our screening approach combined virtual screening with
a series of biochemical assays that included a novel real-time lucif-
erase fragment assay to tackle the long-standing challenge of mea-
suring EGF receptor dimerization. NSC56452, as a proof-of-concept
dimer-inhibiting compound, also represents the first application of
the luciferase fragment assay that demonstrates its compound-
screening utility. Obviously, NSC56452 is a lead that can be used to
identify other available compounds based on similarity to be
assayed, as well as the basis for structure-based lead optimization
because the structure of the therapeutic target is known; such stud-
ies using both approaches are underway and will be reported in
due course. Further optimization of both lead compound and assay
can be extended to targeting heterodimeric interactions among all
members of the ErbB-family of tyrosine-kinase receptors.

Materials and Methods

Virtual screening
Autodock 4.0 (16,17) was used to screen the NCI-diversity database
(1990 compounds). The database was initially downloaded from the
Autodock Website and processed by in-house scripts to fix incor-
rectly formatted structures, and to exclude structures that contained
metals: iron, zinc, mercury, and copper (final size = 1926 com-
pounds). A cubic docking box of dimension 25 · 25 · 25 � was
centered at the Tyr-246 ⁄ Tyr-Y251 recognition site on monomer A of
the extracellular dimer crystal structure (PDB: 1MOX). Lamarckian
genetic algorithm with Solis and Wets local search was used to
generate 100 docking poses per compound. All poses were subse-
quently scored using: HP, HM, HS [implemented in X-score 1.2.1
(32)], D-score, PMF, G-score, Chem-score (implemented in Sybyl 7.3
CSCORE module), and Dfire (33). A consensus score for each pose
was calculated by summing the rankings given by each of these
eight scoring functions. Three compounds that ranked high using
the consensus scores were excluded because they displayed high
rankings against other protein targets suggesting poor specificity.

EGF receptor autophosphorylation
CHO cells stably expressing wild-type EGF receptor were grown to
80% confluency in 35-mm plates in Hams' F-12 containing 10%
FBS, penicillin ⁄ streptomycin, and 100 lg ⁄ mL hygromycin. Prior to
use, the cells were incubated for 3 h in F-12 medium containing
0.1% FBS. For the experiments, cultures were incubated with the
test compounds at a final concentration of 100 lM in 1% DMSO
for 30 min at 25 �C in F-12 containing 1 mg ⁄ mL bovine serum albu-
min and 25 mM Hepes, pH 7.2. Control cultures were incubated for
the same length of time with 1% DMSO. EGF (Biomedical Technolo-
gies, Inc, Stoughton, WI, USA) was then added at a final concentra-
tion of 3 nM, and the cultures incubated at 25 �C for an additional

1 min. Subsequently, the monolayers were washed twice with ice-
cold phosphate-buffered saline and scraped into RIPA buffer (10 mM

Tris, pH 7.2, 150 mM NaCl, 0.1% sodium dodecyl sulfate, 1% Triton
X-100, 17 mM deoxycholate, and 2.7 mM EDTA) containing 1 mM

sodium orthovanadate, 20 mM p-nitrophenylphosphate, and protease
inhibitors. Equal amounts of protein (Pierce BCA assay; Thermo
Fisher Scientific, Rockford, IL, USA) were separated by electrophore-
sis on a 9% SDS-polyacrylamide gel and transferred to PVDF or
nitrocellulose (Millipore, Billerica, MA, USA). Western blotting was
performed using anti-pY1173 (Cell Signaling, Danvers, USA) or anti-
EGF receptor antibodies (Cell Signaling, Danvers, MA, USA and
Santa Cruz, CA, USA). Time–course and dose–response experiments
were carried out using the same procedure except that the dose or
preincubation time with inhibitors was varied. A similar protocol
was used for assessing insulin-stimulated phosphorylation of IRS-1
or PDGF-stimulated receptor autophosphorylation except that differ-
entiated 3T3-L1 cells or NIH3T3 cells were used, respectively. In all
cases, phosphorylation was quantified using ImageJ and normalized
to that observed in control samples.

Phosphorylation using A286W mixed culture
The DNA primers for the A286W construct were 5¢-CTCGTGCGTCCG
ATGGTGTGGCGCCGACAGC-3¢ and 3¢-GCTGTCGGCGCCACACCATCG
GACGCACGAG-5¢. FI CHO cells (Invitrogen, Carlsbad, CA, USA) were
stably cotransfected with pOG44 (Invitrogen, Carlsbad, CA, USA)
and the A286W-EGF receptor in pcDNA5 ⁄ FRT (Invitrogen, Carlsbad,
CA, USA). Stable clones were selected in F-12 containing
600 lg ⁄ mL hygromycin (InvivoGen, San Diego, CA, USA). The
mixed culture was grown to confluency and maintained in F-12
containing FetalPlex (Gemini bioproducts, West Sacramento, CA,
USA), 1000 lg ⁄ mL penicillin ⁄ streptomycin, and 100 lg ⁄ mL hygro-
mycin. The experimental phosphorylation protocols were identical
as the one described previously.

Chemical cross-linking of the EGF receptor
CHO cells stably expressing EGF receptor were preincubated with
the test compounds for 15 min at a final concentration of 100 lM.
EGF (25 nM) was then added for 3 min followed by the addition of
BS3 (Thermo Fisher Scientific, Rockford, IL, USA) at a final concen-
tration of 3 mM for 30 min. The reaction mixture was buffered at
pH 8. The cross-linking reactions were quenched by the addition of
glycine to a final concentration of 1 M (pH 7.5). Cells were lysed as
described earlier, and equal amounts of protein were loaded onto a
4–7.5% gradient SDS-polyacrylamide gel. After electrophoresis and
the transfer to PVDF, EGF receptor dimerization was measured by
Western blotting using anti-EGF receptor antibodies.

Luciferase fragment complementation imaging
CHO-K1 Tet-On cells stably expressing DC-EGFR-NLuc and
DC-EGFR-CLuc (21) were plated 48 h prior to imaging in DMEM
containing 1 lg ⁄ mL doxycycline. On the day of imaging, cells were
serum starved for 4 h followed by treatment with vehicle, the indi-
cated concentration of each compound, or 1 lg ⁄ mL cetuximab for
20 min in the presence of 0.6 mg ⁄ mL D-luciferin. Then, 3 nM EGF
was added and the photon flux immediately measured using an IVIS
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imaging system. Data represent the change in photon flux between
EGF-treated cells and control cells. For the control experiments
using the FRB-NLuc and CLuc-FKBP system (24,34), CHO-K1 Tet-On
cells were plated 48 h prior to use and transiently transfected with
the cDNA encoding FRB-NLuc and CLuc-FKBP 24 later. On the day
of assay, cells were pretreated with vehicle or 80 nM rapamycin for
4 h. Media was removed and replaced with DMEM lacking phenol
red containing 0.6 mg ⁄ mL D-luciferin and DMSO or 25 lM

NSC56452. Photon flux was measured as described previously. To
test the effect of TKI using this system, 5 lM erlotinib was used,
an effective dose that completely inhibited EGF receptor kinase
phosphorylation and MAP kinase on full-length receptors under the
same conditions by Western blot.

125-I-EGF binding
125I-EGF binding was carried out by incubating the cells with 50 pM
125I-EGF for 24 h at 4 �C, following the previously described protocol
(35), in the presence of 1% DMSO (control) or 100 lM NSC56452.

Cell growth assay
HeLa cells were grown in Dulbecco's modified Eagles' medium with
10% FBS. Cells were plated in triplicate in 96-well plates at 5000
cells per well and allowed to grow for 24 h before the addition of
DMSO (control), erlotinib (Genetech, San Francisco, CA, USA), or
NSC56452. All cultures contained 1% DMSO in the final media.
Cells were then incubated for 48 h. The cell growth rate was then
measured using the cellTiter 96 Aqueous One Solution Cell Prolifer-
ation Assay kit according to the manufacturer's instructions
(Promega, Madison, WI, USA). Readings were taken at 490 nm
after 1-h incubation with the MTS and PMS solution.

Identification and purity of NSC56452
NSC56452 was characterized by liquid chromatography coupled with
mass spectrometry (Figure S6). The compound samples were pre-
pared at 1 mg ⁄ mL in 100% DMSO. (i) Liquid chromatography of
NSC56452. The LC column was a Gemini C18 110 � New column
(50 mm · 2.0 mm, 5 lm particle size; Phenomenex Inc., Torrance,
CA, USA) maintained at 20 �C. The mobile phase consisted of
water and acetonitrile (95:5, v ⁄ v). The flow rate was 0.4 mL ⁄ min at
a maximum pressure of 300 bar. The total run time was 12 min.
The purity was calculated as 95% using MassLynx4.1 software
(Waters Corp., Milford, MA, USA). (ii) The liquid chromatograph
was coupled with a mass spectrometer with a turbo electrospray
ion source in negative ionization mode. Within the main LC peak at
time 8.12 min, NSC56452 was identified as having a molecular
weight of 379.0, in agreement with the expected mass of 378.
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Supporting Information

Additional Supporting Information may be found in the online ver-
sion of this article:

Figure S1. Dose-dependent inhibition of EGF receptor dimeriza-
tion by NSC56452.

Figure S2. The EGF receptor-specific tyrosine kinase inhibitor,
erlotinib, does not inhibit EGF receptor dimerization as measured by
luciferase fragment complementation.

Figure S3. The other lead compound, NSC11241, failed to inhibit
in a dose-dependent manner in the luciferase fragment complemen-
tation assay.

Figure S4. Effect of NSC56452 on 125I-EGF binding and EGF
receptor autophosphorylation.

Figure S5. Predicted docking pose of NSC56452 (yellow) to the
extracellular domain of the EGF receptor.

Figure S6. Identification and purity of NSC56452. NSC56452
was characterized by liquid chromatography coupled to mass
spectrometry.
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Any queries (other than missing material) should be directed to the
corresponding author for the article.
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