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ABSTRACT: Fluorescence is essential for dynamic live cell
imaging, and affinity reagents are required for quantification of
endogenous proteins. Various fluorescent dyes can report on
different aspects of biological trafficking, but must be
independently conjugated to affinity reagents and character-
ized for specific biological readouts. Here we present the
characterization of a new modular platform for small anti-
EGFR affinity probes for studying rapid changes in receptor
pools. A protein domain (FAP dL5**) that binds to malachite-
green (MG) derivatives for fluorescence activation was expressed as a recombinant fusion to one or two copies of the compact
EGFR binding affibody ZEGFR:1907. This is a recombinant and fluorogenic labeling reagent for native EGFR molecules. In vitro
fluorescence assays demonstrated that the binding of these dyes to the FAP−affibody fusions produced thousand-fold
fluorescence enhancements, with high binding affinity and fast association rates. Flow cytometry assays and fluorescence
microscopy demonstrated that these probes label endogenous EGFR on A431 cells without disruption of EGFR function, and
low nanomolar surface Kd values were observed with the double-ZEGFR:1907 constructs. The application of light-harvesting
fluorogens (dyedrons) significantly improved the detected fluorescence signal. Altering the order of addition of the ligand, probe,
and dyes allowed differentiation between surface and endocytotic pools of receptors to reveal the rapid dynamics of endocytic
trafficking. Therefore, FAP/affibody coupling provides a new approach to construct compact and modular affinity probes that
label endogenous proteins on living cells and can be used for studying rapid changes in receptor pools involved in trafficking.

■ INTRODUCTION

Labeling native proteins of interest for detection of receptor
dynamics has been a major barrier for live cell imaging studies.
Researchers have developed various ways to deliver fluorescence
tags to proteins of interest, typically by fusions with fluorescent
proteins or activatable tags (reviewed1). For dynamic studies of
endogenous surface proteins, affinity probes or ligands attached
to fluorescent dyes have been widely used. Antibodies can be
directly coupled to dyes and characterized in vitro prior to use in
studies ranging from single-cell to whole organisms.2−4 Due to
the large sizes and potential multivalency, however, antibodies
may affect the dynamics of targetedmolecules. In addition, not all
primary antibodies can be robustly conjugated to small molecules
without loss of affinity or specificity.5 To overcome these
potential limitations, alternative scaffolds have been developed as
affinity tools such as immunoglobin-derived scFvs, diabodies,
and RNA-based aptamers.6,7 Affibodies are the smallest alternate
scaffold, only 58 amino acids, and are derived from the B-domain
of staphylococcal protein A.8,9 The scaffold backbone was
stabilized and the 13 residues of the binding surface were
randomly mutated to create an affibody library for screening by
phage display.10 Affibodies against many targets are available with

high specificity and stability.11 These small probes can be
produced recombinantly or chemically synthesized, providing a
variety of strategies for probe production. When available,
affibodies are potential antibody replacements for cell-based and
animal studies.9,12−16

Affibody ZEGFR:1907 is one of the most developed probes,
specifically binding the human epidermal growth factor receptor
(EGFR) from the ErbB family. This family is one of the most well
studied groups of receptor tyrosine kinases: ErbB1 (EGFR),
ErB2, ErbB3, and ErbB4.17 These receptors homo- or
heterodimerize to activate and transduce numerous cell signaling
pathways involved in normal cell growth, migration, and
resistance to apoptosis; and overexpression has been implicated
in the development of many cancers.18 The abnormal expression
levels of ErbB proteins or the mutations in ErbB proteins
generally lead to more aggressive cancers and are also correlated
with poor clinical outcomes.19,20 Several studies have suggested
that downstream signaling is regulated by the trafficking of these
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receptors. Detecting the endogenous levels and understanding
the trafficking dynamics of ErbB receptors will provide for a
better understanding of signal transduction in ErbB over-
expressing cell lines.
Several affibodies directly labeled with fluorescent modules

have been reported. Fluorophore conjugated affibodies have
been used to label cell surface EGFR for optical imaging, and this
direct conjugation of dye to affibody requires additional
processing and purification.13,21,22 Fluorescent proteins have
also been used to label affibody as a recombinant probe for ErbB
receptor targeting.11 Both dye-labeled and fluorescent protein-
labeled affibodies lead to the problem of high background when
applied to cells, requiring additional washing steps for high-
specificity cell labeling. pH sensitive (acid-activated) dyes linked
to the affibody have been used to report on internalization of the
affibody−dye conjugate bound to EGFR,23 and requiring distinct
dye conjugates to be synthesized and validated.
Fluorogen activating proteins (FAPs) are an emerging class of

fluorescence-based molecular tags that have been used in a
variety of trafficking assays due to the rapid noncovalent
association and activation of a fluorogenic dye by the expressed
protein tag.24,25 One FAP can exhibit distinct properties when
combined with various dye derivatives. FAPs are derived from
single chain variable fragment antibodies (scFv) that specifically
recognize and activate fluorogenic dyes with high binding affinity
and provide modularity in targeted labeling without the need for
direct conjugation of dyes. Fluorogens are organic dyes that have
low fluorescence signal when free in solution and show
significantly enhanced fluorescence output upon binding to the
FAP.26 These dye−FAP fluoromodules show several advantages
as fluorescent tags in cell biological studies. FAPs are small
expressible protein modules that have typically been cloned as a
fusion to proteins of interest. Recent work has demonstrated the
use as recombinant affinity tags for secondary detection of
fluorescein27 or biotin modified proteins.28 The fast association
and activation of fluorogen/FAP complexes shortens the time for
labeling protocols. Since the fluorescence is dependent on the
association of fluorogen to FAP, the fluoromodules allow order-
of-addition and compartment selectivity to achieve subpopula-
tion labeling for internalized receptors. A number of
modifications to fluorogens enrich the functional properties of
a single FAP for optical labeling, such as membrane
permeability/exclusion,26 fluorescence brightness,29 and envi-
ronmental sensitivity.25,29 Thus, fusion of an affibody to a FAP
should provide a compact and modular affinity probe to
instantaneously label pretargeted endogenous protein with
simple and reliable labeling protocols using a variety of distinct
fluorogen dyes. Several FAPs have been reported to activate
fluorescence of malachite green (MG) and thiazole orange (TO)
derivatives, as well as dimethylindole red (DIR), oxazole-
thiazole-blue (OTB), and various derivatives of these dyes,
resulting in a range of fluoromodules with excitation/emission
properties at any desired laser wavelength and emission range,
typically with affinities for fluorogens in the low nanomolar to
picomolar range.26,30−32 The dL5** FAP is relatively small (24.2
kDa), and binds to MG with a low picomolar equilibrium
dissociation constant.33 The extremely low unbound fluores-
cence background and the high fluorescent signal upon binding
allow high contrast and no-wash signal detection.
In this study, we present the functional validation of the FAP

dL5**/ZEGFR:1907 fusion as a targeted probe that labels EGFR in
cultured cells. The configuration of the fusion probes and the
labeling scheme were optimized for detecting native receptor on

the A431 cell surface in a no-wash assay format suitable for flow
cytometry and fluorescence imaging. By applying different MG
derivatives and order-of-addition experiments using this labeling
protocol, we demonstrated enhanced brightness, receptor
tracking, and surface selective labeling measurements. Modular
labeling with distinct fluorogens allows for quantitative labeling
of endocytosed and surface receptor pools. Compared to directly
conjugated affibodies, these probes enable homogeneous assays
where directly conjugated affibodies fail and provide a robust
probe to assess changes in the localization of these native
receptors.

■ RESULTS
The results presented here demonstrate the functionality of an
EGFR affibody affinity probe fused to a FAP that binds a far-red
fluorogenic dye, MG, and various analogs of that fluorogen. The
FAP and affibody retain their individual functions and allow for
wash-free labeling of EGFR expressing cells for analysis by flow
cytometry or fluorescent live-cell imaging.

Fusing the Affibody to FAP Preserves Fluorogen
Activation Properties and EGFR Recognition. Fusion of
proteins can sometimes perturb the function of the individual
components. Especially with small proteins such as FAPs and
affibodies, it is important to assess the function of each
component of the fusion protein, ensuring preserved activity of
both components, and to consider the impact of construct
orientation (i.e., N-terminal FAP, C-terminal affibody or vice
versa). We evaluated N and C-terminal fusions, as well as a single
FAP flanked by two affibodies for their properties to bind and
activate MG-fluorogens as well as their binding to EGFR on
A431 cells.
The FAP was fused to the C-terminus (ZEGFR:1907-FAPdL5**,

AF), to the N-terminus (FAPdL5**-ZEGFR:1907, FA) or between the
dimeric affibody (ZEGFR:1907-FAPdL5**-ZEGFR:1907, AFA) (Scheme
1). The three fusion probes and the corresponding monomeric

control proteins (ZEGFR:1907 as A and FAPdL5** as F) were cloned,
expressed, and purified. In order to verify the functionality of the
FAP with fusion to the affibody, the fluorescence properties of
the probes were analyzed and compared with the control protein
F. In the presence of MG-B-tau, a cell-excluded analog of theMG
dye, the fluorescence scans of all three fusion probes AF, FA, and
AFA featured a major and a minor excitation peak at 636 and 480
nm, and a single emission peak at 664 nm, which are consistent
with the fluorescence spectra of F (Figure 1A). FA and AFA
probes showed an enhanced fluorescence intensity compared to
F and AF. Based on the measurement of fluorescence under

Scheme 1. Representation of FAP/Affibody Fusion
Constructs
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equilibrium binding conditions, these three probes possessed
subnanomolar dissociation constants, which were comparable to
F alone (Figure 1B). A small, but significant decrease in
association rate was observed in all FAP−affibody fusion proteins
compared to F only. No detectable fluorescence activation and
fluorogen binding by affibody alone was observed (Supporting
Information Figure S1C). Hence, all fusion proteins preserve the
fluorogen activating properties of unmodified FAP, and the
affibody alone does not interfere with fluorogen activation.
The labeling of cell surface EGFR by these fusion probes was

tested with live-cell imaging. Three fusion probes AF, FA, and
AFA all showed clear cell surface labeling, and control protein F
failed to target to the cell surface (Figure 2D). By equilibrium
binding fluorescence, the cell surface dissociation constant was
estimated to be 122± 16 nM for AF, 101± 17 nM for FA, and 37
± 6 nM for AFA (Figure 2A), which are slightly higher than the
data from previous studies using fluorescent protein-conjugated

ZEGFR:1907.
11 The head-to-tail dimer configuration of affibody was

previously reported to improve the affinity and avidity of EGFR
binding.34 Probe AFA showed a 4-fold decrease in Kd values,
which indicated that insertion of FAP had no obvious disruption
on the function of the double affibody, and recapitulated the
avidity-based binding enhancement previously reported. The
AFA probe showed the lowest Kd, and therefore further
experiments were performed with this version of the probe.
To validate that the conjugation of FAP preserves the EGFR

binding specificity of affibody ZEGFR:1907, various concentrations
of the control protein (A) were mixed with a fixed concentration
of fusion probe (AFA) to label the cell surface EGFR of A431
cells. In these experiments, the nonfluorescent affibody protein
(A) was used as a “cold” probe to compete with the FAP−
affibody fusion protein for EGFR binding. Cell fluorescence was
analyzed at equilibrium binding using a flow cytometry assay.
The drop of fluorescence intensity was correlated to the increase
of A concentration, verifying the specificity of EGFR binding by
the AFA probe (Figure 2B). The titration with probe A revealed a
nearly stoichiometric competition with the AFA protein,
demonstrating that the specificity and affinity of the affibody
are not compromised by fusion to the FAP. The binding of
affibody−FAP fusion protein showed no interference with the
EGF stimulation and no evidence of EGFR activation in the
absence of EGF (Figure 2C).

Optimization of EGFR Labeling by FAP−Affibody
Fusions. EGFR cell surface labeling was then optimized by
varying labeling protocol and probe/dye concentrations. Three
different labeling strategies for flow cytometry were explored.
First, probes were precomplexed with excess fluorogen and the
mixture was used to label cells. Second, probes were incubated
with cells and then the unbound probes were washed off before
adding fluorogen. The third approach is similar to the second one
but without washing off unbound probes. All three approaches
resulted in successful EGFR labeling based on fluorescence
intensity from flow cytometry (data not shown). The first
approach used the probe essentially as a fluorescent tag
conjugated probe while the second approach resulted in lower
fluorescence signal because of the relatively fast postwash
dissociation of probes. Therefore, the third approach exhibited
optimal labeling properties for rapid flow cytometric analysis.
The same protocol was adopted for labeling cells during imaging.
The labeling conditions were then optimized for maximal signal-
to-background ratio with 250 nM of AFA and 100 nM of MG-B-
tau. Under this condition, the probe could not be fully occupied
by fluorogen, yet no further increase in signal at the cell surface
was observed upon increased dye concentration, potentially
implying a preference of fluorogen binding to EGFR-bound
affibody. It is possible that the binding of two affibody domains to
EGFR might position the two L5 domains in a complex-favoring
state that improves the association of fluorogen.
In comparison with Cy5 conjugated dimeric affibody, the

FAP−affibody labeling showed surprising signal contrast and
allowed direct imaging of cell-surface proteins without any
washing (Figure 2D). Due to the intrinsic fluorescence of
fluorophores, the labeling of cells with the Cy5 conjugated
affibody showed a higher background signal if unbound probes
were not washed off from cells.

Modularity of Labeling by FAP/EGFR Affibody. The
structure of the FAP allows binding to a variety of modified
fluorogens that are compatible with distinct biologically relevant
responses. Based on the structural analysis, FAPdL5** binds to the
thiphenylmethane core of the fluorogen, which allows the

Figure 1. Characterization of recombinant probes binding to malachite
green. (A) Fluorescence spectral properties of recombinant probes with
malachite green. Excitation and emission scans of 1 μM MG-B-tau
precomplexed with10 μM various probe constructs. (B) Fluorogen
binding equilibrium analysis of recombinant probes. 5 nM samples of
probes were assembled into fluorescence complexes as a function of
MG-B-tau concentrations. The fluorescence intensity was corrected for
fluorogen-only fluorescence background and then normalized to
fluorescence of 1 nM FAP/MG complexes. (C) Analysis of association
rate constants of recombinant probes. 4 nM samples of probes were
mixed with 50 nM, 75 nM, 100 nM, 150 nM, or 200 nM of MG-B-tau,
and the fluorescence intensity was monitored at 636/664 nm.
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modification on the diethylene glycol linker without disruption
of the FAP/fluorogen interaction.29,33 Several derivatives of MG
have been reported with various membrane permeability and
molecular brightness (Figure 3A).29 To demonstrate the capacity
of labeling EGFR with different fluorogens, A431 cells were first

labeled with AFA, and then different MG derivatives were added
for fluorescence activation. The modifications on the linker
showed no disruptive effects on the fluorescence intensity of
labeled cells analyzed by both flow cytometry and live-cell
imaging (Figure 3B and C). Hexa-Cy3-MG (HCM) is a new

Figure 2.Characterization of probes binding on A431 cell surface. (A) Dissociation constant analysis of probes on cell surface. 5× 105/mL quantities of
cells were incubated with probes for 1 h at 37 °C followed by 2 μM MG-B-tau for 5 min. Then cells were kept on ice for flow cytometry. The mean
fluorescence intensity was corrected with background of cells incubating with F/MG and then normalized to mean fluorescence at 250 nM of probes.
(B) Competition assay of nonfluorescent affibody A binding to the cell surface. Cells were labeled with 250 nM AFA or F and a serial dilution of A
followed by 100 nM of MG-B-tau added prior to measurement. (C) Detection of receptor activation by Western blots. Starved cells were labeled with
250 nM probes followed by 100 nM of MG-B-tau and then cells were treated with 100 ng/mL EGF. Then cells were lysed for Western blot in order to
detect phosphorylated EGFR and total EGFR. (D) Live-cell fluorescence microscopy of A431 cells labeled by various probes. Cells were labeled with
250 nM of probe and 100 nM of MG-B-tau prior to imaging or 100 nM of Cy5 conjugated affibody dimer. Scale bar 20 μm.

Figure 3.Modular capacity of probes for labeling EGFR on the cell surface. (A) Structures of the fluorogens used. The synthetic and analytical details
were shown in Supporting Information or described previously.26 A431 cell labeled with FAP−affibody fusions and various malachite green derivatives
were analyzed by flow cytometry (B) and live-cell fluorescence microscopy (C). 5 × 105/mL of cells were labeled with 250 nM of AFA or F followed by
incubation with 100 nM of fluorogens for 5 min. Cells were then either analyzed by flow cytometry for mean fluorescence measurement or cell imaging.
Scale bar 20 μm.
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light-harvesting dyedron derivative of MG prepared by coupling
six Cy3 molecules to one MG using azide−alkyne cycloaddition
chemistry to a highly decorated lysine linker (Synthetic and
characterization details in Supporting Information), enabling the
energy transfer from multiple Cy3 moieties to significantly
enhance the molecular brightness of the FAP/fluorogen complex
(Supporting Information Figure S1A), while maintaining a
fluorogenic activation ratio of ∼330-fold at 562 nm excitation.
Labeling of EGFR on A431 cells by HCM magnified the
fluorescence signal by about 6-fold comparing the Cy3 excitation
channel to the MG excitation channel (Figure 3B and C), which
strengthened the sensitivity of the EGFR detection. Despite the
slightly elevated background signal in the Cy3 excitation channel,
the signal-to-background ratio of cells labeled by AFA/HCM
(about 6-fold) showed an improvement over cells labeled by
other MG derivatives (about 5-fold) in the no-wash labeling
format. These results showed the possibility of simply changing
fluorogens for various experimental purposes.
MG-B-tau is a fluorogen derivative excluded from the cell by

the plasma membrane, enabling the tracking of receptor
endocytosis from initially surface-bound AFA (Figure 4A). Cell

surface EGFR was first labeled with probe/MG-B-tau and
showed an expected cell surface pattern. After EGF stimulation,
probe/MG-B-tau complex was carried along with EGFR
undergoing endocytosis, which resulted in a loss of cell surface
signal and an increase of punctate endocytic structures (Figure
4A and Supporting Information Movie S2). Altering the order of
addition, when probe labeled cells were first stimulated by EGF
and then subsequently stained with MG-B-tau, only cell surface
signal was observed, indicating the residual cell-surface receptors
not undergoing endocytosis (Figure 4B). A related decrease in
fluorescent labeling was quantified by flow cytometry (Figure
4C), resulting in a significant (p < 0.0001) ∼50% reduction in
probe-labeled AFA at the cell surface, when ligand addition

preceded dye addition. By altering the order of addition, such
probes can be used to compare trafficking changes of
endogenous receptors in living cells due to rapid dye activation,
in contrast to the typical differential permeabilization employed
for antibody staining requiring long incubations.35,36

■ CONCLUSIONS

This study validated the fusion of the FAP/fluorogen module
with an affibody as a promising tool for targeted labeling. This
affinity probe preserves the capacity of the FAP to enhance
fluorescence upon fluorogen binding, along with the specificity
and sensitivity of EGFR labeling by affibody. The fast kinetics of
FAP/fluorogen association accelerates the fluorescence detec-
tion and avoids the long incubation of the secondary antibody in
conventional immunostaining protocols. A surprisingly high
signal-to-background labeling protocol was developed, allowing
specific labeling without any washing steps, in contrast to
conventional fluorescent affibody reagents. The compatibility of
FAPs with modified fluorogens provides more flexibility for
targeted labeling to serve different experimental objectives, using
a common affinity probe. The cell impermeable MG derivative
associated with the probe can track EGFR through endocytosis,
and revealed changes in surface abundance upon stimulation
with EGF. This flow cytometric analysis of surface receptor
abundance pre- and poststimulation may provide a high-
throughput approach to evaluate drugs or cellular components
that alter the receptor endocytosis or surface abundance.
The use of modular fluorogen substitution with a common

affinity reagent may enable a wide range of applications. The
targeting of FAP/affibody probe with dyedrons dramatically
elevated the fluorescence signal, and provided a secondary
excitation channel, which may facilitate quantitative analysis of
low abundance proteins or pulse-chase labeling to tag differ-
entially trafficked receptor subsets.24 Because the fluorogen can
be linked to various cargo, while retaining sub-nanomolar Kd
values, it may be possible to directly target radionuclides and
nanomaterials for PET/SPECT imaging or MRI/photoacoustic
imaging.37−40 FAPs with separable spectroscopic properties can
be used to tag affibodies against different targets to achieve
multicolor labeling.26,32 These properties make affibody−FAP
fusions a potentially versatile tool in cell biology studies and
promise improved, nontoxic clinical tools to detect cells with
overexpressed receptors as guidance for further surgical
procedures.41

■ MATERIALS AND METHODS

DNA Construction. The Escherichia coli (E. coli) bacterial
strain MACH1-T1 (Invitrogen) was used as the host for cloning.
The pET21a vector was modified to include an N-terminal
10XHis and GST followed by an HRV3C protease cleavage site.
Multiple cloning sites were introduced after theHRV3C protease
site in the order of HindIII, NheI, BamHI, SpeI, KpnI, and XhoI
from 5′ to 3′. Fragments of FAPdL5** and affibody ZEGFR:1907 were
amplified from pPNL629 and pJET1.2, respectively. In construct
ZEGFR:1907, affibody was inserted into the modified pET21a vector
using HindIII and XhoI sites. FAP was inserted between NheI
and BamHI sites to make construct FAPdL5:**. In construct
FAPdL5**-ZEGFR:1907, FAPwas introduced into the vector between
HindIII and NheI sites; affibody was inserted between KpnI and
XhoI sites. In constructs ZEGFR:1907-FAPdL5**, FAP and affibody
were introduced using KpnI, XhoI, HindIII, and NheI sites. For
construct ZEGFR:1907-FAPdL5**-ZEGFR:1907, affibody was intro-

Figure 4. EGFR endocytosis tracking and subpopulation quantification
using cell impermeable fluorogen (MG-B-tau). (A) Overnight starved
cells were incubated with 250 nM of AFA followed by 100 nM MG-B-
tau. Labeled cells were stimulated with 10 ng/mL EGF. The cell
fluorescence was monitored over 30 min. (B) All cells are starved
overnight and first labeled with AFA. The first group of cells were labeled
with MG-B-tau and then stimulated with 100 ng/mL EGF for 15 min.
The second group of cells were labeled with MG-B-tau after 15 min of
EGF stimulation. Both groups of cells were analyzed by flow cytometry
(B) and live-cell imaging (C). Scale bar 20 μm.
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duced into ZEGFR:1907-FAPdL5** construct through HindIII and
BamHI sites.
Protein Expression and Purification. Expression of

recombinant proteins was carried out in the E. coli strain
Rosetta-gami 2 (DE3) (Novagen). The plasmids were trans-
formed into competent cells and fresh colonies were grown in 5
mL overnights with 12.5 μg/mL tetracycline, 34 μg/mL
chloramphenicol, and 50 μg/mL ampicillin. The 5 mL cultures
were then added to 500 mL LB+GB (10 g/L tryptone, 5 g/L
yeast extract, 4 g/L NaCl with 100 mM phosphate pH 7.2 and
supplemented with 20 mM succinic acid, 0.4% glycerol) to an
OD of 0.8 at 37 °C, the temperature was dropped to 22 °C for 1 h
and then cultures were induced with 500 μM IPTG and
supplemented with 0.4% glucose for 18 h growth at 22 °C. Cells
were pelleted and washed once with cold PBS before freezing at
−20 °C. The pellets were resuspended in 3 mL of wash buffer A
(50 mM Tric-Cl pH 7.5, 750 mM NaCl, 0.1% Triton X-100,
0.02% Tween-20, 50 mM imidazole) and sonicated with 10, 15 s
pulses prior to dilution with 15 mL of wash buffer A. This lysate
was centrifuged 30 min at 20 000g and the supernatant was
incubated with Ni-NTA agarose beads (Thermo Fisher) for 2 h
at 4 °C with rocking. After binding, beads were washed with 10
mL of wash buffer A and then put on a column and washed with
wash buffer 150 (same as wash buffer A but with 150 mMNaCl).
His tagged HRV 3C protease was used to cleave the FAP−
affibody away from His-GST at 4 °C overnight and protease was
then removed by incubating with additional Ni-NTA beads at 4
°C for 2 h. Protein released by the proteolytic digestion was
collected as flowthrough and was then purified on Superdex 75
Gel Filtration Colume (GE Healthcare) by fast protein liquid
chromatography (BioLogic DuoFlow, Biorad). Endotoxin was
removed from the purified protein by endotoxin removal resin
(Thermo Fisher). Purity was evaluated using SDS-PAGE and
protein was quantified using a DU730 UV/vis spectropho-
tometer based on the absorbance at 280 nm (Beckman Coulter
Inc.).
Protein Conjugation. Double affibody was cloned with an

additional C-terminal cysteine. Purified protein in PBS was first
treated with 10-fold molar excess TCEP (Tris(2-Carboxyethyl)-
phosphine) for 30 min and then was incubated with 5-fold molar
excess Cy5-maleimide at 4 °C overnight. Excess dye was
removed by dialysis. The purity of conjugated protein was
analyzed by analytical FPLC.
Fluorescence Analysis. Fluorescence was measured using a

TecanM1000 plate reader (Tecan Group Ltd.). For fluorescence
activation and emission scans, 10 μM of probes were complexed
with 1 μM of fluorogen overnight at 4 °C with agitation. To
measure dissociation constants, 5 nM of probes were complexed
with various concentrations of fluorogen at 4 °C overnight with
agitation. The fluorescence intensity was measured at the
excitation of 636 nm and emission of 664 nm, and then the
results were analyzed by nonlinear regression fit of one-site
ligand depletion model in GraphPad Prism 6. Association rate
was measured by adding fluorogen with various concentrations
to constant probe. The fluorescence intensity at 636 nm
excitation and 664 nm emission was monitored. Then, the data
were analyzed by nonlinear regression fit of association kinetics
with multiple concentrations in Graph Pad Prism 6.
Cell Culture. A431 cells (ATCC) were cultured in DMEM

(Thermo Fisher) supplemented with 10% fetal bovine serum
(FisherBrand). Cells were passaged after washing in PBS by
incubation with PBS supplemented with 8mMEDTA for 15min
at 37 °C. Then, the released cells were washed twice with PBS

supplemented with 0.5% BSA and resuspended in PBS with 0.5%
BSA to the desired cell density.

Flow Cytometry Analysis. Cell suspensions with a density
of 5 × 105 cells/mL were incubated with probes at 37 °C for 1 h.
After 5 min incubations with fluorogen, cell suspensions were
kept on ice prior to analysis by flow cytometry (BD
FACSVantage SE flow cytomoter). The data were collected
and analyzed by a BD FACSDiva workstation. To measure cell
surface dissociation constants, cells were incubated with various
concentrations of each probe and then stained with 2 μM of
fluorogen. To optimize the fluorogen concentration, cells were
labeled with 250 nM of double affibody and then stained with
various concentrations of fluorogen. In the competition assay,
cells were incubated with 250 nM FAP−double affibody fusion
and various concentration of cold affibody followed by 100 nMof
fluorogen. To compare different fluorogens, 250 nM of probe
and 100 nM of fluorogen was used to label cells.

Fluorescence Microscopy. Cells were seeded onto 35 mm
glass bottom dishes (MatTek, Ashland, MA) 1 day prior to
imaging. Cells were washed with PBS and maintained in OPTI-
MEM (Invitrogen) supplemented with 5% fetal bovine serum
(Invitrogen). Proteins were incubated with cells at 37 °C for 1 h
and 100 nM of fluorogen was added before live cell imaging. Cell
microscopy was conducted on LSM-510_Meta_Duoscan
Inverted Confocal Microscope (Zeiss).

Western Blot. Cells were starved in serum-free medium
overnight and then cells were treated with 250 nM probes for 1 h,
100 nM MG-B-tau for 5 min, and 100 ng/mL EGF for 10 min.
Thereafter, cells were lyzed in TGH buffer buffer (1% Triton X-
100, 10% glycerol, 50 mM NaCl, 50 mM Hepes, pH 7.3, 5 mM
EDTA) with a protease inhibitor cocktail and phosphatase
inhibitor cocktail. Cell lysates were concentrated through
acetone precipitation and then loaded on 12% SDS-PAGE gels.
After transfer, the membrane was blocked with 5% BSA for 1 h
and then probed for rabbit antibody against phosphorylated
EGFR and total EGFR, followed by HRP-conjugated antirabbit
antibody (Cell signaling).
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