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T
he epidermal growth factor receptor
(EGFR, also called ErbB1 or HER1)
belongs to the family of single trans-

membrane domain receptors with tyrosine
kinase activity driven by their intracellular
domain. The EGFR family also includes
ErbB2, ErbB3, and ErbB4 receptors. The
extracellular domain of these receptors
presents a ligand-binding site. The binding
of a specific ligand induces the receptor
activation, ultimately triggering signal
transduction pathways involved in cell pro-
liferation, migration, differentiation, and
survival.1 In addition to EGF itself, 11 differ-
ent ligands have been shown to activate

those receptors (including TGF-R, β-cellulin,
and neuregulins).2 ErbB1 is activated by all
ligands of this family except neuregulins,
specific for ErbB3 and ErbB4. These ligands
bind to the extracellular domain of the
receptor, inducing a major conformation
change. This new conformation allows the
formation of homodimers or induces the
formation of heterodimers with other
members of the family.3 The structural basis
for ligand-induced dimerization of ErbB ex-
tracellular regions, which leads to an allos-
teric activation of the intracellular tyrosine
kinase domain, is now well understood.4�9

However, although ligand binding and
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ABSTRACT The epidermal growth factor receptor (EGFR) is a cell-

surface receptor with a single transmembrane domain and tyrosine kinase

activity carried by the intracellular domain. This receptor is one of the four

members of the ErbB family including ErbB2, ErbB3, and ErbB4. Ligand

binding, like EGF binding, induces a conformational rearrangement of the

receptor and induces a homo/hetero dimerization essentially with ErbB

family receptors that leads to the phosphorylation of the kinase domain,

triggering a signaling cascade. EGFR can also form inactive dimers in a

ligand-independent way through interactions between cytoplasmic

domains. To date, the conformation of EGFR extracellular domain

engaged in these inactive dimers remains unclear. In this study, we

describe the successful selection and characterization of llama anti-EGFR nanobodies and their use as innovative conformational sensors. We isolated three

different specific anti-EGFR clones binding to three distinct epitopes. Interestingly, the binding of all three nanobodies was found highly sensitive to ligand

stimulation. Two nanobodies, D10 and E10, can only bind the ligand-free EGFR conformation characterized by an intramolecular tether between domains II

and IV, whereas nanobody G10 binds both ligand-free and ligand activated EGFR, with an 8-fold higher affinity for the extended conformation in the

presence of ligand. Here we took advantage of these conformational probes to reveal the existence of tethered EGFR in EGFR/ErbB2 predimers. These

biosensors represent important tools allowing the determination of EGFR conformations and should help the design of relevant inhibitors.

KEYWORDS: phage display . epidermal growth factor receptor (EGFR) . single domain antibodies . nanobodies .
conformational changes . biosensors . homogenous time-resolved fluorescence
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dimerization events seem connected, several stud-
ies have demonstrated that EGFR can also be found
on the cell surface as nonactivated dimers, also
calledpredimers.10�13 Ligand-independent EGFR/ErbB2
dimer formation was shown to require the cytoplasmic
domain of EGFR to be present on resting cells.14,15 The
relationship between extracellular regions, transmem-
brane domains, intercellular juxtamembrane domains,
and cytoplasmic tyrosine kinase of ErbB family recep-
tors plays a major role in the dimerization and activa-
tion events.16 Moreover, conformational changes
during these activations appear to be key for the signal
transduction. Because these inactive predimers are
proposed to be primed for ligand binding and allow
a fast and efficient signaling, they might represent a
very relevant therapeutic target for small inhibitors.
Unfortunately, despite the large amount of structural
and functional data concerning the various states of
EGFR, the conformation of its extracellular domain
within predimers has never been captured by crystal-
lography studies and remains largely unknown. There-
fore, a precise monitoring of EGFR conformational
changes appears crucial to thoroughly understand
EGFR family signaling and help in the design of
small-molecule drugs. Besides crystallography, other
powerful methods such as nuclear magnetic reso-
nance17 or electron microscopy are increasingly used
to solve high quality structures18 but remain cumber-
someand cannotbeusedon intact cells. Othermethods
are based on the use of mutant or fusion proteins,19,20

but they also cannot be used on cells naturally expres-
sing the wild-type receptor. Molecular dynamics
simulations21 can provide essential insights, but as any
in silico prediction tools, they require an experimental
validation of the findings.
Recently, the use of nonconventional antibodies has

emerged as a simple, new, and sensitive approach to
study protein conformation on living cells. Single
domain antibodies (sdAbs, also called nanobodies),22

correspond to the variable domains of a special class of
antibodies naturally devoid of light chains found in
camelids. These small proteins (15 kDa) present several
advantages23 including a good thermal stability even
without disulfide bond formation,24 a good solubility,
and high expression yield.25 Most importantly, nano-
bodies have a natural tendency to bind epitopes that
are inaccessible to conventional antibodies,26 such as
cleft and cavities. Consequently, they are often very
sensitive to conformational changes of their target.27,28

In this study, we have generated and extensively
characterized anti-EGFR nanobodies, and taking into
account new developments of time-resolved fluores-
cence resonance energy transfer (TR-FRET) technol-
ogy,29we have demonstrated their ability to sense EGFR
conformational changes and highlighted their usage as
biosensors to study the conformation of EGFR engaged
in EGFR/ErbB2 heterodimers on the surface of cells.

RESULTS

Selection of Nanobodies Displaying High Specificity and
Affinity for EGFR. Five anti-EGFR nanobodies were
isolated from the repertoire of immunized llamas by
alternating phage display selections on recombinant
EGFR�human Fc fusion protein and epidermoid carci-
noma tumor cell line A431. Preliminary data demon-
strated that three of them were targeting a shared
epitope (data not shown). Clone E10, chosen as a
representative clone of this family, and clones D10
and G10, displaying different sequences, were pro-
duced and purified for further characterization. Their
binding on all ErbB family members was assayed by
ELISA on chimeric recombinant proteins (Figure 1A).
These results demonstrated that all nanobodies were
highly specific to EGFR.

To confirm the specificity of these clones, similar
experiments were conducted using homogenous
time-resolved fluorescence30 (HTRF) on transfected
cells (Figure 1B). HTRF combines FRET technology with
time-resolvedmeasurement of fluorescence (TR-FRET),
allowing elimination of short-lived background fluo-
rescence, thanks to the natural long-lived fluorescences
of the terbium-based donor (Lumi4-Tb). For receptor
labeling, we used SNAP-tag (ST) or HaloTag (HT),31�33

which are small fusion proteins (26 kDa and 33 kDa,
respectively) that covalently interact with their respec-
tive substrates coupled with the donor fluorochrome.
Nanobodies were either covalently coupled to an ac-
ceptor fluorochrome (called d2) or indirectly detected
using a d2-conjugated anti-6His tag monoclonal anti-
body (mAb). Under these conditions, only a close
proximity between the antibody and the receptor
leads to an energy transfer, allowing the detection of
a specific binding in the absence of washing. This
combination between HTRF and SNAP-tag (ST) or
HaloTag (HT) technologies is called Tag-lite.

HTRF experiments performed on HEK293T cells
transfected with all ErbB family receptors fused to
ST or HT confirmed the ability of anti-EGFR nanobo-
dies to specifically bind their antigen in the cell
membrane context (Figure 1B). d2-Labeled anti-tag
monoclonal antibodies (mAbs) (FLAG-d2 or c-myc-d2)
were used to control the membrane expression of all
receptors. The apparent affinity of the anti-EGFR
nanobodies for their target was measured by HTRF
using living cells. The measured affinities of nano-
bodies for EGFR-ST transfected HEK293T cells were 7,
20, and 12 nM for D10, E10, and G10, respectively
(Figure 1C). In this experiment, nanobodies were
detected using an anti-6His tag-d2 mAb. To avoid
the possible influence of the detection antibody on
the dissociation constant measurement, nanobodies
were directly coupled with a fluorochrome, and
affinity experiments were performed in the same
conditions (Table 1). Surprisingly, D10-d2, E10-d2,
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and G10-d2 displayed slightly higher apparent Kd of 27,
106, and 87 nM, respectively. These small discrepan-
cies could be explained by a partial denaturation of
the nanobodies due to the modification of lysine
residues by the NHS-d2 fluorochrome or steric hin-
drances induced by N-terminal labeling next to the
antigen binding site. Nevertheless, both approaches

confirmed that these monovalent binders could bind
their target with high affinity.

Anti-EGFR Nanobodies Target Three Distinct Epitopes and Do
Not Bind to the Ligand Binding Site. Although the anti-EGFR
nanobodies displayed very different variable CDRs
(Figure S1, Supporting Information), they did not
necessarily bind distinct epitopes. To establish this
fact, competition experiments were performed using
labeled nanobodies and unlabeled nanobodies using
flow cytometry (Figure 2A) and HTRF experi-
ments (Figure 2B). In both techniques, all three

TABLE 1. Affinity Values (Kd, nM) of Unlabeled and

d2-Labeled Anti-EGFR Nanobodies Measured by HTRF

on EGFR-ST

D10 E10 G10

unlabeled clone 7 20 12
d2-labeled clone 27 106 87

Figure 1. Anti-EGFR nanobodies specificity and affinity. (A)
Specificity of anti-EGFR nanobodies D10, E10, and G10 on
recombinant proteins by ELISA. ErbB family members fused
to a human Fc fragment were adsorbed on plastic plate.
Bound nanobodies were detected using a mouse anti-6His
mAb followed by a goat anti-mouse-HRP. An anti-Fc mAb
was used as a positive control. (B) Specificity of anti-EGFR
nanobodies on transfected HEK293T cells by HTRF.
HEK293T cells were transfected with plasmid ErbB1-ST
(SNAP-Tag (Flag tagged)), ErbB2-ST, ErbB3-ST, ErbB4-HT
(HaloTag (c-myc tagged)). Each receptor was covalently
labeled with a donor fluorochrome via their ST or HT.
Nanobodies were incubated with transfected cells and
detected using anti-6His-d2 (acceptor). TR-FRET signal re-
presented by the normalized ratio (665/620) indicates an
energy transfer between donor (on receptor) and anti-6His-
d2. Amouse anti-FlagmAb or an anti-c-mycmAbwere used
to measure ErbB1, 2, and 3-ST and ErbB4-HT expression,
respectively. (C) Affinity of anti-EGFR antibodies on trans-
fected HEK293T cells determined by HTRF. HEK293T cells
were transfected with plasmid ErbB1-ST and labeled by
donor fluorochrome. Various concentrations of nanobodies
were incubated with cells and detected using acceptor-
labeled anti-6His mAb. Apparent Kd was determined by
GraphPad. Standard deviations represent three different
experiments performed in triplicate.

Figure 2. Competition between anti-EGFR nanobodies D10,
E10, and G10. (A) Competition of three anti-EGFR nanobo-
dies by flow cytometry. Unlabeled nanobodies and
d2-labeled nanobodies were incubated together with
A431 cells during 2 h, washed, and analyzed on a flow
cytometer. MFI = mean fluorescence intensity. (B) Competi-
tion of the nanobodies performed by HTRF. HEK293T cells
were transfected with EGFR-ST and labeled with donor (Tb),
and nanobodies were incubated during 2 h before reading
on fluorescence spectrophotometer. In both experiments,
50 μMunlabeled nanobodies were added, and an irrelevant
anti-ErbB2 nanobody was used as negative control. Stan-
dard deviations represent three different experiments per-
formed in triplicate.
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nanobodies-d2 did compete with themselves (as un-
labeled nanobodies) but did not compete with the two
other nanobodies, demonstrating that three distinct
EGFR epitopes are recognized by these three nano-
bodies. The apparent affinities of each nanobody were

determined again in the presence of the other nano-
bodies (Table 2). Interestingly, the apparent affinity of
G10-d2 for EGFR slightly increased in the presence
of D10, but D10-d2 affinity was unaffected by the
presence of G10.

In an effort to localize more precisely these three
different epitopes, we performed similar competition
experiments using four well characterized anti-EGFR
mAbs (cetuximab, panitumumab, Ab-3, and m425).
Figure 3 shows results obtained by flow cytometry on
A431 cells. D10 did not compete efficiently with any
of these mAbs. Conversely, the binding of Ab-3
(antidomain I/II, clone EGFR.134) strongly improved
the binding of D10 (Table 3). E10 binding was totally
abrogated in the presence of m425 (anti-domain III,
murine parental clone of matuzumab35) but increased
by a factor of 2 in the presence of cetuximab (targeting
the ligand binding site on domain III36). These results
suggest that E10 binds EGFR domain III away from the
ligand binding site. Ab-3 efficiently competedwithG10
suggesting that the epitope of this nanobody is located
on domain I/II of EGFR. Finally, the presence of cetux-
imab and panitumumab did not hinder the binding of
the three nanobodies suggesting that none of them is
binding the EGFR ligand binding site.

EGFR Stimulation by Ligand Has a Major Effect on Nanobody
Binding. Next, we investigated direct and indirect ef-
fects between ligand binding and nanobody binding.
First, we checked whether the binding of nanobodies
in the absence of ligand could have an influence on the
phosphorylation of EGFR intracellular domain. Cells
were incubated with saturating concentrations of
nanobodies (1.5 μM for 10 min), and the phosphoryla-
tion status of EGFR was followed using an EGFR
phosphorylation kit. Epidermal growth factor (EGF)
and heregulin β (ErbB3 ligand) were used as a positive
control and negative control, respectively. Figure 4A
shows that under these conditions, and unlike EGF,
nanobodies were not capable of directly triggering
EGFR phosphorylation.

A direct effect on EGFR phosphorylation being
excluded, we designed an HTRF competition ex-
periment to determine whether the nanobodies
could influence the ligand-induced phosphorylation
(Figure 4B). Cetuximab, an anti-EGFR blocking anti-
body targeting the ligand binding site, was used as a

TABLE 2. Affinity Values (Kd, nM) of Anti-EGFR

Nanobodies in the Presence of Other Nanobodies as

Measured by HTRF (EGFR-ST)

competitors

clones irrelevant nanobody D10 E10 G10

D10 7 11 7
E10 20 17 17
G10 12 6 17

Figure 3. Competition between nanobodies and reference/
therapeutic mAbs by flow cytometry. Panels A, B, and C
represent the competition of d2-labeled nanobodies D10,
E10, and G10, respectively. Cetuximab and panitumumab
are both anti-ligand domain 3 binding site. m425 is the
murine parental clone of matuzumab, binding domain III,
outside the EFG binding region (this antibody acts like a
negative allosteric modulator for ligand binding). Ab-3
(clone EGFR.1) binds EGFR domain I/II. Unlabeled nanobo-
dies were used as positive competition control. Negative
control was performed by adding an irrelevant nanobody
(anti-ErbB2) as competitor. Labeled nanobodies and 50 μM
mAb were incubated with 2 � 105 A431 cells for 2 h at 4 �C
before washing and detection. Standard deviations repre-
sent two different experiments performed in triplicate.

TABLE 3. Affinity (Kd, nM) of Anti-EGFR Nanobodies in

Competition with Different mAbs

competitors

clones irrelevant nanobody cetuximab panitumumab Ab-3 m425

D10 7 10 13 3 14
E10 20 11 70 67 a
G10 12 21 27 a 32

a No binding.
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positive control for inhibition. As expected, as low as
10 nM cetuximab could totally inhibit the EGF-induced
phosphorylation by direct competition with EGF.
In contrast, only a slight reduction of the EGFR phos-
phorylation (20%) could be measured using micro-
molar concentrations of D10 and E10. Interest-
ingly, G10 led to a slight increase of EGF-induced

phosphorylation efficiency, thereby acting as a weak
positive allosteric modulator (PAM).

It is well-known that upon ligand binding, EGFR
undergoes major conformational rearrangements.
Thus, we investigated the influence of the presence
of EGF on the binding efficiencies of anti-EGFR nano-
bodies by flow cytometry (Figure 4C). The presence of

Figure 4. Competition with ligand and phosphorylation assays. (A) EGFR phosphorylation assays performed on A431 cells.
Serum-free starved cells were stimulated by 1.5 μM ligand or nanobodies during 10min at room temperature andwere lysed.
EGFR phosphorylation was detected using antibodies anti-EGFR-Tb (donor) and anti-phospho-d2 (acceptor). Energy transfer
was measured after an overnight incubation. EGF was used to induce EGFR phosphorylation (positive control). Irrelevant
nanobody (anti-ErbB3) and heregulin (ErbB3 ligand, does not bind EGFR) were used as negative controls. (B) Phosphorylation
of EGFR stimulated by EGF (100 nM) in the presence or absence of different antibodies. Maximal phosphorylation was
measured upon addition of an irrelevant nanobody (negative competition control). Cetuximab inhibits the EGFR phosphor-
ylation by blocking the ligand binding site. (C) Competition of anti-EGFR nanobodies in the presence of EGF on A431 cells by
flowcytometry. Thegraphwas split in twoparts, with a left y-axis corresponding to the normalizedbindingofD10-d2, E10-d2,
and EGF-d2 and a right y-axis corresponding to normalized binding of G10-d2. EGF-d2 was used as a positive control for
orthosteric competition.
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EGF increased the affinity of G10 by a factor 8, suggest-
ing that G10 preferentially binds the extended homo-
dimer conformation of EGFR and clearly confirming
that G10 does not bind to the EGFR ligand binding site.
This result is also in line with its ability to act as a PAM
by stabilizing the extended conformation of EGFR
upon binding. Conversely, no binding of D10 and E10
to EGFR could be measured in the presence of an
excess of ligand. An inverse correlation could be
established between the EGF concentration and nano-
body binding efficiency, similar to a direct competition
between d2-labeled and unlabeled EGF performed as
control (Figure 4C). Together with competition experi-
ments using ligand binding site mAbs, these results
suggest that D10 and E10, targeting two different
epitopes, have an exquisite specificity for the tethered
(inactive) conformation of EGFR and cannot bind to the
extended conformation triggered by EGF binding.

D10, E10, and EGF Have Three Distinct Binding Sites. To
strengthen this hypothesis and confirm that D10 and
E10 do not directly compete for binding with EGF, we
performed a Schild plot analysis by following EGFR
phosphorylation in the presence of increasing concen-
trations of EGF and nanobodies (Figure 5A,B). By
gradually increasing D10 concentrations, we could
observe a gradual decrease in the maximal EGFR
phosphorylation, but the half maximal effective con-
centration (EC50) of EGF is weakly affected. In contrast,
using E10 as competitor, we observed a roughly similar
maximal phosphorylation and EC50 values increasing
with the concentration of E10.

Despite these differences, the Schild plot analy-
sis (Figure 5C) clearly demonstrated that both nano-
bodies behave as negative allosteric modulators (NAM).
Indeed, slopes obtained using this analysis (0.17 and
0.45 for D10 and E10, respectively) are far from a slope
equal to 1 that is expected for a competitive antago-
nist. Thus, these data confirm that E10 and D10 do not
bind to the ligand binding site but instead behave as
negative allosteric modulators by stabilizing the inac-
tive (tethered) conformation of EGFR upon binding.

Nanobodies as EGFR Biosensors. EGFR binders with ex-
quisite specificity for the tethered conformation (D10,
E10) or with a strong preference for its extended form
(G10) could be powerful tools to directly visualize the
EGFR conformation on cells. To explore this possibility,
we performed a model experiment using HEK293T
cells transfected with EGFR-ST site-specifically labeled
with a terbiumdonor fluorochrome. In this experiment,
we followed the activation of EGFR due to the addition
of EGF, followed by its subsequent inactivation due
the addition of cetuximab, using our conformational
probes labeled with an acceptor fluorochrome (d2)
(Figure 6A). Controls were performed using an irrele-
vant nanobody coupled to d2 fluorochrome and here-
gulin as irrelevant ligand. A concentration of 100 nM of
D10-d2 and E10-d2 were used to produce a high

specific signal, while avoiding the NAM effect on EGF
binding, negligible at this concentration (see Figure 4).

As expected, D10-d2 and E10-d2 binding yielded a
high TR-FRET signal that decreased in a dose sensitive

Figure 5. Schild plot analysis. (A) Phosphorylation of EGFR
on A431 cells, using various concentrations of EGF in the
presence of five different concentrations of D10. EGFR
phosphorylation was measured using the EGFR phosphor-
ylation kit. (B) Phosphorylation of EGFR on A431 cells, using
various concentrations of EGF in the presence of five
different concentrations of E10. For panels A and B, A431
cells were starved in serum-free DMEM media 12 h before
experiments were performed. (C) EGFR phosphorylation in
the presence of D10 and E10. HTRF ratios were plotted as a
regression of log (dose ratio � 1) versus log of molar
concentrations of the antagonist (nanobodies). The slopes
of resulting lines diverge from 1 (theoretical dotted line),
indicating that both nanobodies are not competitive an-
tagonists. The calculated slope values are 0.1745 ((0.02)
and 0.4678 ((0.04) for D10 and E10, respectively. The
theoretical curve corresponding to competitive and rever-
sible antagonist is shown in dotted line in the graph.
Standard deviations represent three different experiments
performed in triplicate.
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fashion upon addition of EGF, thereby directly visualiz-
ing the EGFR conformational change (Figure 6B,D).
Strikingly, the addition of cetuximab to the mixture
could fully restore the TR-FRET signal by competing out
the ligand, thereby switching EGFR to its original teth-
ered conformation (Figure 6C,E). Conversely, G10-d2

used at low concentrations (20 nM) yielded a faint
signal in the absence of EGF, which increased in a
dose dependent fashion upon addition of EGF, visua-
lizing the appearance of the extended/homodimeric
form of EGFR (Figure 6F). As in the previous ex-
periment, the subsequent addition of cetuximab

Figure 6. EGFR biosensor using anti-EGFR nanobodies by HTRF. (A) Cartoon representation of the biosensor experiments
using energy transfer. EGFR-ST expressedon cells is covalently labeledwith donorfluorochrome. Ananobody-d2 (acceptor) is
added to cells, leading to energy transfer. Upon EGF ligand addition, EGFR is activated and a major conformational change
occurs from tethered (inactivated) to an extended (activated) conformation, unfavorable to nanobody binding. After a
subsequent addition of an excess of cetuximab blocking the ligand binding site, EGFR recovers its inactive conformation,
allowing the rebinding of the nanobody-d2. For the sake of clarity, only one protomer is represented here. (B) Binding of D10-
d2 (100 nM) or irrelevant-d2 clone (anti-ErbB2, 100 nM) on EGFR-ST-Tb (donor-labeled receptor), in the presence of increasing
concentration of ligands. Irrelevant nanobody-d2 and heregulin (HRG)were used as a negative controls. TR-FRET signals were
measured for panels B, D, and F after 1 h of incubation with ligand at 4 �C. Subsequently, a 1 μM final concentration of
cetuximab was added in wells, and TR-FRET signals were measured for panels C, E, and G after 2 h incubation. Experiments
were performed with 100 nM D10-d2 (B, C), 100 nM E10-d2 (D, E), and 20 nM G10-d2 (F, G).
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re-established the tethered EGFR conformation, thereby
drastically reducing the TR-FRET signal (Figure 6G).
Altogether, these results demonstrated that these

anti-EGFR nanobodies could be used as sensors
of “activated/extended” and “inactivated/tethered”
conformation of EGFR.

Figure 7. Conformational biosensors reveal tethered EGFR involved in EGFR/ErbB2 predimers. (A) Cartoon depicting the
use of anti-EGFR nanobodies as biosensors on EGFR/ErbB2 predimers. TR-FRET can be measured between donor-labeled
ErbB2-ST receptor and d2-labeled nanobody. (B) Affinity of D10, E10, and G10 on EGFR/ErbB2 heterodimers. HEK293T cells
were transfected with wild-type ErbB1 and ErbB2-ST. Donor fluorochrome was covalently labeled on ErbB2 receptor.
Nanobodies were added at various concentrations and were detected using 200 nM anti-6His-d2, leading to a TR-FRET signal
restricted to heterodimers. (C) Anti-EGFR nanobodies affinity on EGFR/ErbB2 heterodimers in the presence of 500 nM EGF. (D, E)
Affinity of nanobodies D10, E10, and G10 on NIH/3T3 cells cotransfected with wild-type ErbB2 and wild-type EGFR. A donor
fluorochrome was coupled to an anti-ErbB2 mAb. The TR-FRET signal was measured after 2 h of incubation at 4 �C with (E) or
without (D) 500 nM EGF. (F) EGFR conformational rearrangement followed by d2-labeled nanobodies on wild-type EGFR/
ErbB2 heterodimers on NIH/3T3 transfected cells in the presence of increasing concentrations of EGF. The energy transfer
between donor labeled anti-ErbB2 mAb and d2-labeled nanobodies was used to monitor the EGF-induced conformational
change of EGFR. Experiments were performed with 100 nM D10-d2, 100 nM E10-d2, and 20 nM G10-d2.
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Conformational Biosensors Reveal Tethered EGFR Involved in
EGFR/ErbB2 Predimers. We finally took advantage of these
innovative tools to study the conformation of EGFR
involved in the heterodimer EGFR/ErbB2, in the pre-
sence or absence of ligand.

For this purpose, we followed the transfer of fluo-
rescence between the donor fluorochrome on ErbB2
receptor (via a ST fusion or an anti-ErbB2-Tb mAb) and
nanobodies bound to a wild-type EGFR revealed by
anti-6His-d2 or directly labeled. In these conditions, a
TR-FRET signal can only be generated by EGFR/ErbB2
heterodimers as shown in Figure 7A. Strikingly, a
strong signal was measured using the three nano-
bodies in the absence of EGF (Figure 7B). As expected,
upon addition of EGF, the signal obtained using the
“tethered conformation” specific nanobodies D10 and
E10 was totally abrogated, due to the EGF-induced
EGFR conformational change (Figure 7C). In these
conditions, the presence of EGFR/ErbB2 dimers could
still be monitored since, in contrast to D10 and E10,
G10 yielded amuch stronger signal owing to its higher
affinity for extended EGFR.

To fully establish the biological relevance of this
finding, we explored the possibility to detect tethered
EGFR engaged in predimers using wild-type ErbB
receptors. The murine nonblocking donor-labeled
mAb (FRP5) was used to target ErbB2. As shown in
Figure 7D,E, very similar results were obtained, demon-
strating that wild-type ErbB receptors efficiently form
EGFR/ErbB2 heterodimers in the absence of ligand
while predominantly adopting a tethered conforma-
tion. Interestingly, the proportion of tethered and
extended EGFR varied according to the concentration
of EGF (Figure 7F), thereby reproducing the results
obtainedwith EGFR expressed in the absence of ErbB2.

Altogether, these experiments confirm that EGFR
can form heterodimers with ErbB2 in the absence of
ligand and directly demonstrate that within these
predimers, EGFR adopts a tethered/inactive conforma-
tion despite its stable interaction with ErbB2. These
results also confirm that EGFR engaged in predimers
switch to the extended/active conformation in the
presence of ligand.

DISCUSSION

In this study, using phage display we selected
nanobodies against the epidermal growth factor re-
ceptor from the repertoire of an immunized llama.
Three EGFR specific clones, with no cross reaction
with other members of the ErbB family, were fully
characterized. Nanobodies D10, E10, and G10 bind
three distinct epitopes of their target with a high
affinity (7, 20, and 12 nM, respectively). Competi-
tion experiments with reference mAbs cetuximab,37

panitumumab,37 Ab-3,34 and m42538 demonstrated
that none of these nanobodies target the ligand bind-
ing site despite the fact that two of these nanobodies

cannot bind EGFR in the presence of its ligand. Instead,
nanobodies D10 and E10 bind EGFR epitopes that are
only present in the inactive conformation of this
receptor known to undergo major conformational
changes upon ligand binding.7,39,40 In contrast G10
binds both conformations of the receptor, but with an
8-fold higher apparent affinity for the active conforma-
tion. These results highlight the caution that should be
taken when interpreting the results of competition
experiments of two binders. Indeed, the stabilization
of an alternative conformation of their target can be
misinterpreted as a direct steric hindrance effect due to
the targeting of a common epitope. Interestingly,
despite their strong binding to a specific conformation
of EGFR, these nanobodies only lead to weak positive
(G10) or negative (D10, E10) allosteric modulation of
EGF-driven EGFR phosphorylation, qualifying them as
sensitive conformational sensors. This is in contrast to
previously selected EGFR specific nanobodies inducing
strong orthosteric or allosteric modulations.41,42

Previous data have demonstrated the presence of
EGFR predimers on resting cells,20,43,44 estimated to
represent about 40% of the total population of
EGFRs.45 Some studies have suggested that ligand-
independent EGFR predimerization is a mechanism
allowing the induction of a faster signal transduc-
tion when receptors are stimulated with ligand.46,47

Teramura et al. suggested that monomers of EGFR exist
primarily in the tethered state and that the formation
of predimers biases the structure of EGFR toward
extended state-like conformations with high associa-
tion rates to EGF,46 inducing a dynamic conformational
change in the predimer that facilitates and accelerates
the formation of signaling dimer of EGF/EGFR com-
plexes. Authors argue that large increases in the asso-
ciation rate of EGF to the predimer binding sites
suggest that the conformation resembles the ex-
tended form. The association of EGF with one of the
EGFR molecules in the dimer sites might trigger an
allosteric conformational change in the EGF binding
site in the other EGFR molecule, which could explain a
positive cooperativity upon EGF binding. This concept
is also favored by molecular dynamic simulations
performed by Arkhipov et al.21 These authors per-
formed molecular dynamics on the crystal structure
of the two-ligand extracellular dimer after removal of
the EGF and obtained an “active-like” conformation,
except for domain IV showing a bending motion that
would favor the formation of symmetric (inactive)
kinase dimers.16

CONCLUSION

In this paper, we demonstrate that in the absence of
ligand, EGFR is also engaged in dimers with ErbB2
as preheterodimers. However, unlike the situation
described above with EGFR prehomodimers, EGFR
displays a conformation very similar to the tethered

A
RTIC

LE



NEVOLTRIS ET AL . VOL. 9 ’ NO. 2 ’ 1388–1399 ’ 2015

www.acsnano.org

1397

inactive conformation. Upon EGF stimulation, EGFR
adopts the extended conformation allowing the
signaling to occur. While the significance of these
discrepancies deserves further studies, this finding
has importance for the design of efficient inhibitors.
Indeed, ErbB2 is frequently overexpressed in a variety
of cancers and has a strong capacity to form hetero-
dimers with ErbB3 and EGFR and with ErbB4 to a lesser
extent.48 In such situations, a very significant part
of EGFR is thought to be engaged in EGFR/ErbB2

predimers. Our results imply that the most efficient
inhibitors should thus be designed to interact with
the tethered conformation of EGFR. Finally, while the
anti-EGFR nanobodies described in this work have an
intrinsic value as conformational sensors, they might
also be advantageously used for other applications,
including imaging, targeting, or high throughput
screening approaches aimed at identifying new EGFR
inhibitors targeting the extracellular portion of the
receptor.

MATERIALS AND METHODS

Reagents, Cell Lines, and Antibodies. HEK293T, NIH/3T3, and
A431 cells were obtained from ATCC. Cells lines were cultivated
in DMEM (Invitrogen) complemented with 10% (v/v) Bovine
Serum gold (PAA). Cetuximab and panitumumab were a kind
gift of Rémi Castellano (CRCM U1068). All HTRF reagents,
labeled antibodies, labeled ligands, and SNAP-tag plasmids
were a kind gift from Cisbio Bioassays.

Llama Immunization and Library Construction. A llama (Lama
glama) was immunized subcutaneously 4 times at 15 days
intervals with 100 μg of recombinant human EGFR/Fc chimera
(344ER, R&D Systems), using a previously published proto-
col,49,50 and VHH library construction was performed in Escher-
ichia coli TG1 strain as previously described.49,50 Library diver-
sities were above 108 transformants.

Selection of Nanobodies by Phage Display. Twenty microliters of
the bacteria library was grown in 50 mL of 2YTAG (2YT/
ampicillin (100 μg/mL)/2% glucose) at 37 �C with shaking
(250 rpm) to an OD600 between 0.5 and 0.7. Bacteria were
infected by KM13 helper phage using a multiplicity of infection
of 20, during 30 min at 37 �C without shaking. The culture was
centrifuged for 15 min at 3000g, and the bacterial pellet was
resuspended in 250 mL of 2YTA/kanamycin (50 μg/mL) over-
night at 30 �C with shaking. The overnight culture was split in
10 vials and centrifuged for 20 min at 3000g. Five milliliters of
80% PEG8000/2.5 mM NaCl was added to the supernatant in a
new clean vial and incubated for 1 h on ice. The solution was
centrifuged for 20 min at 3000g at 4 �C, and the phage-
containing pellet was resuspended in 1 mL of PBS. Another
centrifugation step (2 min, 14000g) was performed to eliminate
bacterial contaminant, and 200 μL of PEG8000/NaCl was added
to supernatants in a new vial. After 30 min on ice and a last
centrifugation (5 min, 14000g), phage-containing pellets were
resuspended in 1 mL of PBS. To obtain EGFR specific clones, a
first round of selectionwas performed onmagnetic Epoxybeads
(Dynabeads, Invitrogen) coupled to EGFR-Fc during 48 h at 4 �C
following recommendations of the manufacturer. Before selec-
tion on EGFR-Fc/Epoxybeads, the phage�nanobody library was
depleted by incubation with ErbB2-Fc/Epoxybeads to eliminate
anti-Fc and anti-ErbB2 antibodies and to reduce nonspecific
binding. Remaining phages and EGFR-coated beads were satu-
rated with 2% milk/PBS during 1 h at 4 �C. Next, phages and
EGFR-Fc/Epoxybeads were incubated together during 2 h at
4 �Cwith shaking. Beads werewashed 5 times with 1mL of 0.1%
Tween PBS and 5 times with PBS. Bound phages were eluted
using 1 mg/mL trypsin solution (Sigma) during 30 min at room
temperature with shaking. Phages were rescued and amplified
by infection of E. coli TG1 strain and phage production as above,
yielding S1 polyclonal phage population.

To avoid selection against the Fc domain and to select
antibodies against wild-type EGFR, a second round of selection
(S2) was performed on the A431 cell line (2 � 107 cells), which
expresses a large amount of EGFR. The S1 polyclonal phage
population and cells were saturated in 2% milk/PBS during 1 h
at 4 �C and incubated together in same conditions described
previously. After five PBS washes, bound phages were eluted
using trypsin solution (1 mg/mL) during 30 min at room

temperature. Phages were rescued in E. coli TG1, and infected
bacteria corresponding to S2 were plated. Individual E. coli TG1
colonies from S2 were picked and grown in two different
96-deep-well plates in 400 μL of 2YTAG. After overnight growth,
half of the culture was frozen at �80 �C in 20% glycerol for
backup, and the rest of culture was used for soluble nanobody
production induced by isopropyl-β-D-thio galactopyranoside
(IPTG). Nanobody concentrations in supernatant were estimated
at 100�500 nMusing the Double-Tag check kit (Cisbio Bioassays).

Production and Purification of Nanobodies. For large scale nano-
body production, positive phagemids from the screening step
were transformed in E. coli BL21DE3 strain. Transformed bacter-
ia were grown in 400 mL of 2YTA until OD600= 0.7 and induced
with 100 μM IPTG for an overnight growth at 30 �Cwith shaking.
Bacteria were pelleted and lysed by freeze�thawing and
Bugbuster Protein Extraction Reagent (Novagen). After a cen-
trifugation step (3000g, 20 min), nanobodies were purified from
the supernatant using metal affinity chromatography, TALON
Superflow (GE Healthcare), according to the manufacturer's
instructions.51

Fluorochrome Labeling of Nanobodies. Purified nanobodies were
dialyzed during 24 h against a 50 mM phosphate buffer, pH 8,
with a 10 kDa cutoff membrane. After dialysis, fluorochrome
(Tb-NHS and d2-NHS) and nanobodies were added using a 6:1
molarity ratio during 45 min at room temperature with shaking.
After incubation, labeled nanobodies were separated by gel
filtration chromatography (NAP5/10/25, GE Healthcare) accord-
ing to protein quantity. Chromatography columns were equili-
brated with 100 mM phosphate buffer, pH 7, before loading
proteins. Purified samples were eluted from the column with
phosphate buffer and split into 100 μL fractions. For each
fraction, a wavelength scan measurement was performed to
calculate fluorochrome/nanobodies ratio. Fractions with similar
relative median fluorescence (2, 2.1, and 2.5 for D10-d2, E10-d2,
and G10-d2, respectively) were pooled.

Flow Cytometry Experiments. All flow cytometry experiments
were performed at 4 �C and in 96 well plates using 2� 105 cells/
well. Cells were saturated by PBS/2% BSA solution during 1 h
with shaking to avoid nonspecific binding. For screening, 75 μL
of nanobody-containing supernatant was added to 75 μL of
cells in PBS/2% BSA and incubated for 1 h. After three washes in
PBS/2% BSA, cells were incubated for 1 hwith a 1/500 dilution of
anti-6His tag antibody (Novagen), washed 3 times with PBS/2%
BSA, and incubated for 1 h with a 1/200 dilution of PE-
conjugated goat anti-mouse antibody (SantaCruz). After three
last washes in PBS, fluorescence was measured using a MACS-
Quant cytometer (Miltenyi), and results were analyzed with the
MACSQuant software.

For binding and competition experiments on purified fluor-
ochrome-labeled nanobodies, 75 μL of 2% BSA/PBS containing
100 μMcompetitors (therapeutic mAbs, nanobodies, or ligands)
was added to cells followed by 75 μL of purified labeled
nanobodies at 50, 190, and 160 nM for D10-d2, E10-d2, and
G10-d2, respectively. After 2 h at 4 �C with shaking, cells were
washed 3 times in PBS, and mean fluorescence intensity (MFI)
was measured on cytometer for each sample.

Homogenous Time Resolved Fluorescence (HTRF) Assays. All HTRF52

experiments were performed on white 384sv well plates
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(Corning) and read on TECAN Infinite M1000. ErbB-SNAP-Tag
plasmids (ErbB-ST, Cisbio bioassays) were FLAG tagged, and the
ErbB4-HaloTag construction (ErbB4-HT, Cisbio bioassays) was
c-myc tagged. SNAP-Tag-fused ErbB family receptors are totally
active and present the same pharmacology as wild-type recep-
tors (Validated by Cisbio Bioassays). Binding assays were per-
formed using HEK293T cells transfected with ErbB-ST and HT
receptors. After a 24 h transfection using Lipofectamine 2000
(Invitrogen) following the constructor's recommendation, ad-
herent cells were washed with prewarmed Tag-lite buffer. Cells
were incubated with 100 nM Lumi4-Tb (Donor fluorochrome
coupled on specific substrate from Cisbio Biossays) for 1 h at
37 �C. During this step, terbium cryptate fluorochrome was
covalently coupled to ErbB receptors via the SNAP-Tag fusion.
Cells were washed 4 times directly on flasks using Tag-lite buffer
and were detached from their support using Accutase solution
(Thermo). After two final Tag-lite washes, 10 μL of ErbB-ST-Tb
cells were dispensed on small volume wells with 5000 or 10000
cells/well. Nanobodies were incubated with transfected cells
and revealed generally by 200 nM anti-6His-d2. When labeled
nanobodies-d2 were used, anti-6His-d2 was replaced by 5 μL of
Tag-lite buffer. After 2 h incubation at 4 �C, d2 acceptor TR-FRET
signal (665 nm) and Tb donor signal (620 nm) were measured
using a 60 μs delay and a 400 μs integration upon excitation at
337 nm (on TECAN Infinite M1000). HTRF ratio (665 nm/620 nm
� 104) was calculated to prevent interference due to medium
variability or chemical compound or to normalize experiments
when cells expressing different receptor levels were used.52 For
competition experiments, competitors were incubated with
nanobodies, and fluorescence was measured after waiting for
equilibrium (usually 2 h at 4 �C). EGFR phosphorylation assays
were performed using the Phospho-EGFR (Tyr1068) cellular
assay kit (Cisbio Bioassays) following themanufacturer's recom-
mendations. Data from HTRF experiments were analyzed using
GraphPad Prism.

Enzyme Linked Immunosorbent Assay (ELISA). ErbB1-Fc, ErbB2-Fc,
ErbB3-Fc, and ErbB4-Fc chimera proteins (R&D Systems), 100 μL
at 10 μg/mL, were incubated in each well on Maxisorp plate
(Nunc) during 24 h at 4 �C. After protein absorption, wells were
saturated with PBS/2% BSA for 1 h at room temperature and
incubated with 50 μL of purified nanobodies (2 μg/mL) during
1 h at 4 �C with shaking. Nonbound nanobodies were washed
3 times in PBS/2%BSA. Nanobodies were detected using 50 μL
of a 1/1000 dilution of anti-6His antibody (Novagen), washed 3
times with PBS/2% BSA, and incubated for 1 h with a 1/5000
dilution of HRP-conjugated goat anti-mouse antibody (Jackson
Immunoresearch lab). After 1 h incubation and three washes
with 0.1% Tween PBS followed by three washes in PBS, bound
secondary antibodies were detected using ABTS (2 20-azino-
bis(3-ethylbenzthiazoline-6-sulfonic acid), Sigma). Absorbance
was measured at 405 nm on TECAN Infinite M1000.
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